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(57) ABSTRACT

The present invention provides a method of sequencing a
single polynucleotide in which the nucleotide base and/or
probe which is incorporated during sequencing is labelled
with a bead which is detected to identity the base and/or
probe which has bound to the single polynucleotide. Par-
ticularly, the detection of the bead may be carried out using
an apparatus comprising a surface provided with a means for
detecting a bead e.g. with one or more light sensitive
elements.
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1
METHOD OF SEQUENCING

The present invention concerns new methods of sequenc-
ing polynucleotides in which beads are used as labels to
identify bases within the polynucleotides.

Polynucleotide sequencing has been carried out by vari-
ous methods for many years and has provided a mine of
information concerning the genomes of different species.
Even though the human genome has been sequenced, there
is a great interest in resequencing in order to identify genetic
predispositions or genetic or gene related diseases. Hence,
the mapping of mutations and tissue specific mRNA pro-
duction and expression analysis is of great interest. Addi-
tionally, the sequencing of genomes from other species is of
interest i.e. de novo sequencing.

DNA sequencing has been traditionally carried out by the
Sanger dideoxy method (Sanger, Nicklen and Coulson, Proc.
Natl. Acad. Sci. USA, 1977, 74, 5463-7) which has been
used since the 1980s. It is a multimolecular method based on
electrophoretic filtering of cloned DNA that is firstly treated
enzymatically. The enzymatic process produces single
stranded DNA by interrupted polymerisation using a mixture
of fluorophore labelled dideoxy NTPs which terminate chain
extension and dNTPs which do not. Hence, a mixture of
chain lengths is obtained using this process where the length
of each DNA strand represents the base position and the
colour of the connected fluorophore represents the identity
of the base at the 3' end. These identities are read as aligned
coloured dots, with one line of dots representing one DNA
sequence. However, the Sanger sequencing method requires
the use of multiple chains and sequencing is possible of only
about 1000 bases.

The chemical degradation method of Maxam et al (Proc.
Natl. Acad. Sci., 1977, 74, 560-4) has also been used for
DNA sequencing and involves the cleavage of a nucleotide
sequence at specific nucleotides, resulting in the production
of chains of different lengths where each length is indicative
of the presence of a particular nucleotide at that position.
Thus the chemical degradation method also requires elec-
trophoretic separation of strands for sequence determination.

Both the chain termination method of Sanger and the
chemical degradation method of Maxam therefore require
the generation of one or more sets of labelled DNA frag-
ments, which each terminate with a particular nucleotide
base. The fragments must be separated by size to determine
the sequence and thus the electrophoretic gels used must be
able to distinguish large fragments which differ in size by a
single nucleotide. As discussed above, this limits the size of
the DNA chain that can be sequenced at one time.

Modifications to the chain termination method have been
proposed in the art, for example by combining the enzymatic
and readout phases. Thus, instead of a base position being
represented by a position on an electrophoretic filter, the
base position is provided by a reading taken at a particular
point in time. The sequence can therefore be read in real-
time. The first technology to use this principle, namely
pyrosequencing (Ronaghi, Uhlen and Nyren, Science, 1998,
281, 363-365), does not use fluorophores but luciferase that
produces light when triggered indirectly by pyrophosphate
released from a polymerisation step where nucleotides are
supplied one at a time. The yield of light from this process
is much lower than with fluorophores, thus DNA must still
be cloned such that each polymerisation step yields enough
light for secure detection. This method may process DNA
lengths of 400 nucleotides but is not well suited for detect-
ing, homopolymers within sequences i.e. repetitions of the
same nucleotide.
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Other realtime methods include sequencing by synthesis
which can be used for multimolecule or single molecule
sequencing, sequencing by ligation (for multimolecule
sequencing) and sequencing by stepwise ligation and cleav-
age (for multimolecule sequencing). Sequencing by synthe-
sis involves the use of fluorophore labelled terminating
nucleotide bases which are added to an immobilised target
DNA sequence. A single terminating nucleotide base is thus
incorporated by polymerisation into the target DNA
sequence in each cycle and the base is then determined by
virtue of its fluorophore label. The terminating base can be
chemically neutralised once the readout has been obtained to
allow polymerisation to continue. Further, the lipid chain
between the base and the label can be cleaved chemically or
photochemically so that previously incorporated labels can
be removed to allow the reading of subsequently incorpo-
rated labels.

Sequencing by ligation involves ligating fluorophore
labelled probes to an unknown sequence where the sequence
can be determined by the sequence of the probe which is
able to ligate thereto. Further, sequencing by stepwise liga-
tion and cleavage (Brenner et al, U.S. Pat. No. 5,714,330,
which is incorporated herein by reference) involves a col-
lection of slightly varied methods, based on the use of a
probe which has a nuclease recognition site for a nuclease
whose cleavage site is separate from the recognition site.
Thus, the DNA sequence may be determined either by virtue
of'the sequence of the probe which binds thereto or by virtue
of a label attached to a nucleotide base incorporated into the
DNA sequence and the nuclease recognition site in the probe
is then able to induce cleavage of the DNA sequence to be
determined to release the probe and/or incorporated nucleo-
tide to shorten the sequence to allow determination of the
next nucleotide(s).

However, none of the sequencing methods described
above are without their limitations. Several of the methods
result in “dephasing” or asynchronism which produces
smearing of results which limits the length of the chains
which may be sequenced. Other methods have long read
times. The alternatives tried in the art to address these
limitations require the use of expensive equipment such as
high numeric aperture laser scanning confocal microscopes
or are limited to reading short sequences due to stalling,
which occurs due to the use of modified nucleotides. A
sequencing method is therefore required which does not
require the use of expensive equipment and is able to
sequence long chains.

The inventor now provides a new sequencing method in
which beads are used as labels in sequencing reactions.
Thus, the base and/or probe comprising one or more bases
complementary to the base or sequence in the target poly-
nucleotide to be determined which may be incorporated is
labelled with a bead in the present invention. The presence
of a single bead attached to a base or probe, which has been
incorporated in a polynucleotide can be easily detected, as
described hereinafter, allowing identification of the comple-
mentary base and/or probe which has been incorporated, and
thus the base or sequence to which it bound in the poly-
nucleotide. The use of beads as labels in the sequencing
reaction provides many advantages over the sequencing
methods of the art and the traditional use of fluorophore
labels. Firstly, beads are easy to detect since they are larger
than fluorophores which enables their use in single molecule
sequencing. Furthermore, there is no problem with low
signal level when using beads as labels. Further, beads may
be detected without the use of expensive equipment, for
example using an electronic bead detection mechanism in an



US 9,447,465 B2

3

integrated circuit or based on light or magnetism. Beads are
easily and rapidly removed from a reaction, particularly if
they are paramagnetic and hence there is no problem with
noise when using bead labels, as opposed to fluorescent
labels. Furthermore, mechanical cleavage may be used thus
avoiding chemical removal as required in some prior art
sequencing methods.

Beads have not previously been suggested for labelling
nucleotides or probes complementary to a base or sequence
to be identified in which they are bound to the target
sequence during a reiterative sequencing reaction. Particu-
larly, the use of a single bead as a label to determine the
identity of one or more nucleotides at a particular position in
a polynucleotide in a reiterative sequencing reaction has not
previously been disclosed, particularly when the sequence of
the target molecule is not known.

Stahl at al. (Genomics, 2007, 90, 741-745) used strepta-
vidin coated beads to detect biotinylated DNA hybridised to
oligonucleotides immobilised to an array. DNA could either
be labelled with biotin during PCR or could be subsequently
labelled after hybridisation to complementary oligonucle-
otides on the array using a protease-mediated allele-specific
extension reaction (PrASE) in which biotinylated nucleo-
tides were used and incorporated into the surface attached
oligonucleotides with matching 3' termini.

The combination of using the streptavidin coated beads
and the PrASE reaction was also suggested for sequencing.
However, this method required the immobilisation of four
different oligonucleotides at individual positions on an array,
where the terminal base in each oligonucleotide was differ-
ent. The PCR product to be sequenced was then added
resulting in perfect hybridisation at the 3' terminal end for
only one of the oligonucleotides. The PrASe reaction was
then carried out using biotinylated nucleotides where exten-
sion only occurred with the 3' perfectly matched oligonucle-
otide. The addition of multiple streptavidin coated beads
allowed the extended product to be visualised.

This method has several drawbacks and takes a distinct
approach to sequencing relative to the present invention.
Firstly, in order to identify a single nucleotide in Stahl et al,
it is necessary to generate 4 distinct oligonucleotide probes
which will hybridise to the target DNA. Thus, if several
nucleotides are to be identified in a polynucleotide, many
different oligonucleotides will need to be produced (i.e. 4 for
each position). In the illustrative example provided, 5 bases
were resequenced by binding to oligonucleotides in which 4
bases were wild-type and one base differed from the wild-
type sequence. Thus, 20 spatially separated oligonucleotides
reflecting the 20 possible permutations were generated. This
requires knowledge of the wild type target sequence for their
generation. Thus, if the sequence is unknown and the test is
not being used for resequencing or for detecting polymor-
phisms, then it will be necessary to generate a lot of test
oligonucleotides to cover the possible permutations for all of
the bases to which the oligonucleotides bind in the target
sequence. The present invention provides a different method
of sequencing in which the nucleotide base and/or probe to
be incorporated which may be complementary to the base or
sequence to be determined is labelled with a bead. In this
way, as few as 4 bead labelled nucleotides are required for
sequencing any position and any sequence combination
without knowledge of the wild type.

Reiterative sequencing is not suggested or possible using
the Stahl et al method, i.e. sequencing of the same molecule
in cycles to sequence successive nucleotides. The present
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invention allows for reiterative sequencing of the same
molecule by removal of the bead during or at the end of each
cycle.

Additionally, the present invention requires the presence
of only a single bead in a polynucleotide to identify a
particular base(s), in contrast to the large array spots which
are used in Stahl et al. allowing a single polynucleotide to be
sequenced. The ability to sequence a single molecule obvi-
ates any cloning step and the need for amplification. This
results in the reduction of work needed to obtain a sequence
and further prevents the introduction of unnecessary errors
into the polynucleotide.

Thus, the present inventor is the first to use beads to label
nucleotides or probes which identify the base or sequence to
which they are complementary to allow sequencing by
polymerase, ligase or stepwise ligase and cleavage proce-
dures.

In a first aspect the present invention provides a method
for determining a nucleotide sequence of a single polynucle-
otide immobilised on a solid support comprising the steps
of:

(1) contacting said polynucleotide with at least one test
complementary base and/or at least one probe comprising a
portion which may be complementary to one or more bases
in said polynucleotide to which a bead is attached or to
which a first binding partner of a binding pair is attached and
covalently binding said test complementary base and/or
probe to said polynucleotide when said test complementary
base and/or portion of said test complementary probe is
complementary to said one or more bases in said polynucle-
otide;

(i1) when a binding partner is attached to said test comple-
mentary base and/or probe, binding a bead attached to a
second binding partner of said binding pair to said test
complementary base and/or probe to which said first binding
partner is attached through said binding pair;

(iii) optionally repeating steps (i), or (i) and (ii), with at least
one different test complementary base and/or probe until a
test base which is complementary and/or a test probe which
has a portion which is complementary to said one or more
bases has bound to said polynucleotide;

(iv) determining which test complementary base and/or
complementary portion of the test probe bound to said one
or more bases of the polynucleotide by determining whether
said bead attached to said test complementary base and/or
probe bound to said polynucleotide during steps (i) to (iii) to
identify said one or more bases of the polynucleotide; and
(v) removing said bead if not removed during step (iv);
wherein each cycle of steps (i) to (v) is performed one or
more times and in each cycle one or more bases of said
sequence are identified.

In a preferred aspect, steps (i) to (v) are repeated more
than once, i.e. more than one cycles are performed, prefer-
ably at least 2 cycles as discussed hereinafter. In a particu-
larly preferred aspect, said steps are repeated for all test base
or probe sets.

Hence, the method of the invention determines whether a
particular bead labelled nucleotide or probe has been incor-
porated into a polynucleotide to be sequenced, where the
binding of the bead indicates the incorporation of a particu-
lar test complementary nucleotide or probe and thus the
sequence to which it bound in the polynucleotide can be
identified. Said one or more bases which are identified may
be the one or more bases to which the test probe bound
and/or one base to which the test base bound.

The term “determining a nucleotide sequence” as used
herein refers to the determination of a partial as well as a full
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sequence. (This phraseology is used interchangeably with
“identifying” a base or bases in a sequence.) Any sequence
length is encompassed by the determination of a nucleotide
sequence, hence, at least one nucleotide base may be deter-
mined by the method, although preferably more than one
nucleotide may be determined e.g. at least 2, 3, 10, 20, 30,
40, 50, 60, 70, 80, 90, 100, 200, 300, 400, 500, 600, 700,
800, 900, 1000, 2000, 4000, 6000 or 10000 or more nucleo-
tides may be determined. Thus, preferably the steps of the
method, (i.e. each cycle) are performed at least 2, 3, 10, 20,
30, 40, 50, 60, 70, 80, 90, 100, 200, 300, 400, 500, 600, 700,
800, 900, 1000, 2000, 4000, 6000 or 10000 times or pro-
portionally lower if multiple bases are determined in each
reiterative cycle.

Determination of the nucleotide sequence includes the
identification of the specific base at a particular position (i.e.
A, T/U, G or C), i.e. absolute identification, or provides
partial identification, of that base, e.g. the method may
identify a set of bases, of less than 4, (i.e. 3 or 2) which
consists of the options for that base, e.g. A or T, but not G
or C, or A, T or G but not C. Alternatively the partial
identification provides information on the identity of the
base which when coupled with information obtained, e.g. in
other cycles, allows absolute identification of the base. Such
partial identification in a cycle is especially useful when
more than one base is to be identified (i.e. read) in each
cycle, i.e. when the number of probe bases contacting the
target which are not fully degenerate in the probe sets is two
or more. The partial identification which is obtained may be
especially useful if the “step size”, i.e. the number of bases
progressed in each cycle is less than the number of bases
involved in the reading (e.g. two bases are identified per
cycle, but the target sequence progresses, e.g. is shortened,
only one base at a time, for example in stepwise ligation in
which cleavage may remove a single base from the target
sequence before the next cycle). A combination of the
information obtained from overlapping readings may be
used to obtain the sequence unambiguously or close enough
to unambiguously to be useful, especially when the indi-
vidual that is the source of the sequencing material belongs
to a species for which the genome mapping is known, and
primarily single nucleotide polymorphisms (SNP) data is the
aim of the sequencing. The fact that each base will be
involved in at least two reading cycles may, with the right
combination of probe sequences in the probe sets, be used to
enhance the information level to increase the data quality,
e.g. to identity the base in instances for which the ligase has
the lowest selectivity with higher certainty without the need
for a high number of probe sets.

Thus, by way of example, for two bases identified in each
cycle, but one base step size, 4 probe sets can be used instead
of 16, and still the base sequence may be identified with
higher quality of SNP data, in nearly all cases when the
genome map is known. In this case, in each of the probe sets
4 different types of probes are present though not distin-
guished. Thus in the first cycle it can be established that the
target two base sequence has 4 possibilities based on the
probe set which contains the probe that binds. In the next
cycle, similarly 4 possibilities can be identified for the target
two base sequence. However, in these two cycles the same
base is read in both cycles as the sequencing reaction steps
forward only one base between cycles. This overlapping
information can be combined and improved as sequencing
continues to identify the sequence by identifying which of
the 4 possibilities that bound is the correct one in light of
information revealed in subsequent cycles.
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Similarly, when 3 bases are involved in the reading cycles,
but only one base step size, e.g. 9 probe sets can be used
instead of 64. As all bases in this way have been involved in
3 readings, a single reading fault will in most cases be
detected, especially if the genome map is known. In addition
double faults may also quite often be detected with the right
construction of the probe sets, especially in those cases for
which the ligase is least specific, i.e. for T4 DNA ligase the
T/G specificity.

Thus, a “cycle” as referred to herein refers to the steps
required to achieve binding of a test base or probe to the
target sequence in which step (i) to (v) above are performed
and identification of said base(s) may be partial or complete
at the end of that cycle.

Further, “determining a nucleotide sequence” includes
resequencing known nucleotide sequences, as well as
sequence comparisons and investigating polymorphisms and
mutations in known sequences. Additionally, “determining a
nucleotide sequence” may encompass determining the posi-
tions of one, two or three of the four types of nucleotides in
a sequence, for example, it may be desirable to only deter-
mine the position of cytosines within a sequence, as well as
identifying the positions in the sequence of any or all of the
four nucleotide bases.

The “polynucleotide” whose sequence is determined in
the method of the invention may be any polynucleotide but
is preferably a DNA or RNA sequence. Typically, RNA
sequences are subjected to reverse transcription to produce
copy DNA before being subjected to sequencing. Alterna-
tively, if an RNA sequence is to be used directly in the
methods of the invention, reverse transcriptase/RNA poly-
merase or RNA ligase may be used to incorporate the
complementary base or the probe as discussed further below,
rather than DNA polymerase or DNA ligase which would be
employed for a DNA sequence. The polynucleotide
sequence may further be any length but comprises at least
two nucleotide bases and generally at least 3, 4, 5, 6, 7, 8,
9, or 10 nucleotide bases. For example, polynucleotide
sequences of at least 100, 200, 300, 400, 500, 600, 700, 800,
900, 1000, 2000, 4000, 6000 or 10000 bases may be
examined using the present invention.

As referred to herein, a “single” polynucleotide refers to
an individual molecule for sequencing by the method
described herein. Where desired more than one molecule
may be sequenced simultaneously using the method, but in
that case each single polynucleotide’s base(s) are identified
by bead analysis. The method relies on the use of a bead that
produces a signal that is detectable even when only a single
bead is present.

As referred to herein, “immobilised” refers to direct or
indirect immobilisation to a support, for example, by bind-
ing to another molecule, which is bound to the support.
Direct immobilisation may be achieved by chemical cou-
pling and indirect immobilisation may be achieved for
example by coupling through binding partners, as described
hereinafter, e.g. by hybridisation to a complementary oligo-
nucleotide, e.g. through linking molecules. This form of
indirect coupling is preferred.

Hybridisation may be followed by ligation to avoid
release of target polynucleotide at elevated temperatures or
applied forces, especially if the region of hybridisation is
short.

The “solid support” may be any solid support, for
example a slide e.g. a glass slide, microarray, microparticle
etc but particularly may be an apparatus for detecting the
bead as described further below e.g. as identified in PCT/
(GB2010/00324, which is hereby incorporated by reference
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(i.e. a chip for optical detection or for magnetic detection).
Where necessary, the solid support, e.g. chip, may be
modified to allow appropriate binding of target polynucle-
otides, e.g. to allow binding at specific sites to allow
performance of the method and detection of the beads.

As discussed above, the test complementary base or the
probe is bound to the polynucleotide whose sequence is to
be determined (target sequence). Hence, preferably, the
polynucleotide sequence of the invention may be at least
partially single stranded to allow the binding of the comple-
mentary base or the probe. Particularly, the polynucleotide
sequence may be single stranded with a complementary
oligonucleotide sequence attached 5' to the polynucleotide
portion whose sequence is to be determined, providing a
primed polynucleotide sequence which can be extended e.g.
by the incorporation of complementary bases by polymeri-
sation. Alternatively, the polynucleotide may be mostly
double stranded, for example, double stranded with a single
stranded protrusion or portion of a few nucleotide bases, e.g.
2,3,4,5,6,7,8,9, 10 or more nucleotide bases to which
a probe may bind e.g. by ligation, e.g. a complementary
double stranded probe with a complementary overlap. As
discussed below, probes may be single stranded or may be
double stranded with single stranded protrusions which may
bind to a part or all of the single stranded protrusion in the
polynucleotide sequence.

“Contacting” as referred to herein refers to bringing the
polynucleotide and test base or probe into contact under
conditions that allow formation of complementary base pair
binding if the test probe or base has complementary bases to
the one or more bases in the polynucleotide.

Covalent binding may be achieved by any method or
technique which allows the binding of a base or probe to its
complementary sequence in the polynucleotide sequence. In
a preferred embodiment, the covalent binding of the base or
probe is achieved by polymerisation or by ligation. Particu-
larly, a single base may be incorporated by polymerisation
e.g. using DNA or RNA polymerase, or transcriptase/reverse
transcriptase, and a probe may be incorporated or bound by
ligation. Such incorporation of the base or probe will extend
the polynucleotide either in the 5' to 3' or 3' to 5' direction.

“Ligation” as used herein refers to the formation of a
covalent bond or linkage between the terminal ends of two
or more nucleic acids in a template driven reaction where the
ligation may occur enzymatically or chemically. Ligation
may be achieved using DNA ligase for DNA sequences and
RNA ligase for RNA sequences.

The term “base” or “nucleotide” as used (interchange-
ably) herein includes the natural nucleotides of adenine,
guanine, cytosine, thymine and uracil, particularly in the
2'-deoxy form or non-natural nucleotides which function in
the same way, i.e. form a complementary base pair with a
natural nucleotide and can be incorporated into a polynucle-
otide sequence by polymerisation or ligation.

Reference to a “complementary base” refers to a base
which specifically base pairs with a base to be identified in
the polynucleotide. Thus, an incorporated complementary
base will be an adenine if the base to be identified in the
polynucleotide is a thymine or will be a guanine if the base
to be identified in the polynucleotide is a cytosine and vice
versa.

The “portion” of the probe “which may be complemen-
tary to one or more bases in said polynucleotide” refers to a
sequence of one or more nucleotides or bases which is
capable of binding to the target polynucleotide when they
are complementary.
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A “test” complementary base or probe refers to a probe or
base which may exhibit the desired complementarity to the
target sequence. As described hereinafter, a limited number
of permutations are possible, for example for a single base
only 4 permutations are possible. Test bases or probes are
used to present different permutations to establish if the base
or probe has complementarity to the target sequence and
hence will bind to that sequence. Test bases or probes
without the desired complementarity will not bind to the
target sequence.

As referred to herein said “at least one test” base or probe
allows for the inclusion of multiple different bases or probes
at one time (e.g. 2, 3, 4, 5, 7 or 8 or more bases or probes).
Such different bases or probes are different in the base or
portion of the probe which may be complementary to the one
or more bases under investigation. In such circumstances
identification of which base or probe has bound to the target
polynucleotide may be achieved by the use of beads which
may be discriminated or selective release of beads attached
to the different probes. Alternatively, partial information on
the identity of the probe may be obtained which may be
coupled with information obtained in later cycles as dis-
cussed hereinbefore.

The probe may comprise at least 2, 3, 4, 5, 6, 7, 8, 9, 10,
15, 20, 25, 30, 40 or 50 nucleotides. In the event that the
probe is double stranded, each strand may comprise this
number of nucleotides.

The probe may be single stranded or may be at least
partially double stranded, depending on the specific method
in which it is to be used. As described below, probes for use
in sequencing by ligation methods may be single stranded,
whereas probes for use in sequencing by stepwise ligation
and cleavage methods may be at least partially double
stranded. In this aspect, the probe may be double stranded
with a protruding single stranded portion, for example of at
least 1, 2, 3, 4, 5 or 6 nucleotide bases, which may be
complementary to all or part of a protruding single stranded
portion of a polynucleotide sequence. Thus, it is not critical
whether the protruding strand of the probe is a 5' or 3' end,
as long as it is capable of ligating to the protruding strand of
the polynucleotide. Preferably, the protruding strands of the
polynucleotide and the probe form a perfectly matched
duplex. The probe may further comprise a nuclease recog-
nition site for a nuclease (restriction enzyme) which allows
nuclease cleavage at a position remote to the recognition
site. Preferably, for use in stepwise cleavage and ligation
reactions discussed hereinafter, said nuclease is a type IIb
restriction enzyme, preferably Alol, Arsl, Bael, Barl, Bpil,
Bsp241, Fall, Hin4l, NmeDI, Ppil, Psrl or Tstl, or a type IIs
restriction enzyme, preferably Aarl, Acc36l, Acelll, Bbsl,
BfuAl, BtgZI, Eco31l, EcoO441, Espl, Fokl or Lwel.

For example, the nuclease recognition site may allow
cleavage by a nuclease at least 1, 2, 3, 4, 5, 6, 7, 10, 15 or
20 bases up- and/or down-stream from the nuclease recog-
nition site. This may be considered the “reach” of the
cleavage enzyme. In ligation and cleavage methods
described hereinafter, preferably said nuclease generates a
long overhang (single-stranded region) on cleavage for the
next cycle. In this regard, especially said nuclease is a type
1Ib restriction site which on cleavage yields a 5-bp overhang.

As discussed above, a portion of one of the test probes
covering all permutations in the target sequence is comple-
mentary to one or more bases in the polynucleotide. Thus,
the probe should be capable of being ligated to the poly-
nucleotide to allow its incorporation therein. Identification
of one or more bases in the polynucleotide may then be
possible. The portion of the relevant test probe which is
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complementary to one or more bases is found within the
single stranded part of any probe i.e. the part which can
ligate to the polynucleotide. In a partially double stranded
probe, the complementary portion is found in the single
stranded protrusion. Preferably, the single stranded portion
of the probe will have 100% complementarity with a cor-
responding region in the polynucleotide, although this is not
necessary. For example, in embodiments where only a single
nucleotide is to be identified with a probe, perfect base
pairing is only necessary for identifying that particular
nucleotide. Typically, in such cases, the terminal nucleotide
of the test probe which is incorporated, e.g. ligated to the
polynucleotide, will be complementary to the base to be
identified in the polynucleotide, though the complementary
nucleotide may not be at the terminal end of the probe.

If more than one nucleotide is to be identified in the
polynucleotide in each cycle, at least 2, 3, 4, 5, 6 etc
nucleotides of the probe which successfully ligates with the
polynucleotide will be complementary to those in the poly-
nucleotide. As discussed hereinafter, in such a case it will be
necessary to produce sufficient probes to cover each permu-
tation.

Each of the test probes may be tested for successful
ligation with the polynucleotide in order to allow identifi-
cation of the probe which ligates and thus the sequence of
the target nucleotide in the polynucleotide.

Therefore, although in a preferred embodiment, the single
stranded parts of the probes which will successfully ligate to
the polynucleotide may be 100% complementary thereto, it
is possible that the single stranded portions of the probes
only share at least 80, 90 or 95% complementarity thereto.

As referred to herein “probe sets” refer to a group of
probes which are required to identify one of the possible
permutations present in the target sequence. In a method of
the invention, a probe set may be used as a test probe (e.g.
when more than 4 probes are to be used, such as when 2
bases are to be identified in each cycle 4 probe sets are
generated and the probes in each set may be discriminated
such as on the basis of the type of bead or cleavage
characteristics) and thus a probe as referred to herein
includes a probe set. A probe set may also be generated if
only a single base is to be identified to allow binding of a test
probe to an unknown target sequence. A probe set for each
permutation is generated though these probe sets may be
used together if each probe set is distinguishable after
contact with the target, e.g. via its label or release. If only
one base is to be sequenced in the target polynucleotide then
only 4 permutations are possible and in that case only 4 sets
of probes should be generated. If two bases are to be
sequenced at the same time, then 16 permutations are
possible in that case and 16 sets of probes should be
generated in order to have full specificity.

Preferably the number of bases in the probe (or the
single-stranded portion of the probe) are higher than the
number read, e.g. a probe of 5 bases may be used in a cycle
in which only the identity of the first base is determined.
When the probe (or single-stranded portion thereof) is
longer than the number of bases to be sequenced in each
cycle, to allow binding to the target sequence, variation in
the bases which are not complementary to bases to be
sequenced is required. Thus degenerate or wobble bases may
be used at these positions. Thus for example, if only a single
base is to be determined, but the probes (or the single
stranded portion of the probes) are 6 bases in length,
degenerate or wobble bases should be used in 5 base
positions. In this case there are 4 permutations which are
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possible but a set of probe covering degenerate bases is
required for each permutation.

Thus, in this case, the 4 sets would comprise ANNNN,
TNNNN, CNNNN and GNNNN in which each of these sets
would contain 4x4x4x4=256 different probes. This provides
sets of probes degenerate in the positions not being read. In
this case, as used with the sequencing by ligation method,
the readout from the method will be the base present at every
fifth position. To identify the intervening 4 bases, the reac-
tion may be repeated by releasing the synthesised strand and
restarting the process at another start point, such that the
sequence is conducted 5 times in total to provide the full
sequence. When used with the stepwise ligation and cleav-
age method the reading will progress one or more bases in
each cycle depending on the reach of the cleavage enzyme.

With direct bead binding, preferably each set of probes is
presented on the same bead. Each set of probes for the
different permutations may be on separate beads or may be
present on the same bead if the probes can be distinguished
by means other than the signal of the bead, e.g. by the
conditions necessary for release of the bead (e.g. if probes of
each permutation have a different mechanism which allows
for release of the bead, e.g. a specific restriction site which
attaches the bead to the probe).

As discussed above, partially double stranded probes with
single stranded protrusions may be used in sequencing
methods which require stepwise ligation and cleavage. In
this aspect, the probe may comprise a nuclease recognition
site in the double stranded portion. In this method the probes
may carry the bead for identification of complementary
nucleotides in the polynucleotide. The presence of the bead
may be assessed when the probe (if complementary) is
attached to the target polynucleotide (i.e. before cleavage)
and/or the cleavage reaction may be allowed to take place
thereby releasing the bead and allowing either its detection
on release or its absence from the target polynucleotide.

Whilst in a preferred aspect the probe includes the one or
more complementary nucleotides to the one or more nucleo-
tides to be detected, the method also encompasses use of
bead labelled nucleotides and a probe which may be ligated
to that nucleotide to provide the nuclease recognition site. In
that case binding of the bead may be assessed to see if it is
attached to the target polynucleotide before cleavage and/or
after cleavage either as part of the released probe or on one
or more nucleotides released by the cleavage.

The base or probe bound to the polynucleotide may have
a terminating effect preventing further extension or incor-
poration of other bases or probes into the sequence. The base
may therefore be a dideoxynucleotide or the probe may have
such a base in a terminal position. Such a base is only
appropriate in the final sequence cycle as introduction of this
nucleotide leads to a permanent termination. For termina-
tions during the sequence reaction and preceding the final
cycle, alternative known reversible modifications may be
used. In this case, once the incorporated base or probe has
been detected by virtue of the bead attached thereto, the
terminating effect can be chemically neutralised, allowing
further incorporation or binding of a base or probe to the
polynucleotide sequence. Terminations of this sort are
known in the art, e.g. modifications to the 3' OH group such
as in Jingyue et al. US 2004/0185466, FIG. 14. These
terminating groups may be cleaved at the end of the cycle to
allow continued polymerisation (see Jingyue at al: PCT/
US02/09752 which refers to suitable reagents for doing so).
In the case of probes which are added for, e.g. ligation
methods, these probes essentially terminate the reaction (e.g.
until the cleavage reaction takes place in the case of ligation
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cleavage methods or through use of probes to specific
sequences) and thus no terminating nucleotides are required
on said probes though terminating bases may be used, e.g.
in which the 5' is dephosphorylated. This may be reintro-
duced for the next cycle by use of an appropriate kinase.

The terminating effect of the probe may be removed by
cleavage of the labelled probe, for example in a method
involving stepwise ligation and cleavage steps, by a nucle-
ase (e.g. a restriction enzyme such as a nuclease or RNA
endonuclease).

In a preferred aspect, binding of the complementary probe
or base may have a terminating effect if the bead is selected
such that its radius is larger than the length of the target
polynucleotide. In that case a second bead carrying probe or
base is unable to access the target polynucleotide essentially
terminating any further extension or binding. In this way
even homopolymers may be identified correctly, provided
the bases on the beads are placed so that two consecutive
bases cannot be incorporated on the same target from the
same bead. An advantage with such a method is that there is
no need for fluid exchange, or the fluid may be reused
directly.

It the polynucleotide is contacted with test bases or probes
that fail to bind due to lack of complementarity, different test
probes (i.e. with a different test complementary base or
portion of the probe) may be used until a test base or probe
binds to the polynucleotide, i.e. step (iii) above may be
performed. Assessing whether beads have bound to the
polynucleotide may be performed at various points during
the method, as described hereinafter, particularly, before
and/or after any test base or probe is contacted with the
polynucleotide and/or before release and removal of the
bead.

“Determining which test complementary base and/or
complementary portion of the test probe bound . . . by
determining whether said bead . . . bound to said polynucle-
otide during steps (i) to (iii)” as defined herein refers to
assessing the presence or absence of said bead or level of
signal from said bead associated with the target polynucle-
otide during steps (i) to (iii) which indicates that the test base
or probe bound to the polynucleotide. As used herein said
bead which is “bound” to said polynucleotide binds via the
intermediacy of a test probe or base.

The assessment of the presence or absence of the bead or
the level of signal may be made at various times during steps
(1) to (iii) to allow the determination, e.g. (a) assessment may
be made before any binding (i.e. at the start of step (1)), (b)
assessment of bead binding after any of steps (1), (ii) or (iii)
to determine if beads are bound to the polynucleotide, and/or
(c) assessment of bead binding after release and removal of
the beads. The assessment may be quantitative or qualita-
tive.

Preferably the beads are removed during the determining
step (iv), e.g. as described hereinafter. However, if the beads
have not been removed, they may be removed at the end of
step (iv). The step of determination includes all the actions
necessary to achieve the determination, e.g. including
release and removal of the beads, unless such steps are
separately recited.

As mentioned above, various different protocols may be
used which allow the determination of step (iv). At its
simplest beads carrying test probes to a single permutation
may be added to the target polynucleotide and the presence
of'beads binding to said target may be assessed to determine
if that permutation (i.e. specific base) was present in the
target polynucleotide. The beads could then be released and
removed and the method repeated with beads carrying test
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probes to a different permutation until the relevant permu-
tation is identified as evidenced by binding of the bead. In
this case the bead is detected in situ. In the alternative it may
be detected on release.

Methods may be used in which the release of the bead is
indicative of the base under investigation e.g. if the distin-
guishing feature between the different probe sets is linkage
of the bead to the probe, release of the bead under relevant
conditions (e.g. use of the correct restriction enzyme for a
restriction site between the probe and bead in one of the
permutations) and hence release of the bead is indicative of
the target base(s). In this preferred aspect, said test probes or
the linkage between the beads and said test complementary
probe or base comprises a recognition site for a restriction
enzyme.

In instances in which different beads are used the type of
signal generated may be used to identify which test probe
has bound.

Preferably, to improve accuracy, the level of the signal
from said bead is detected and may be compared at various
time points during the cycle. Conveniently, the signal is
detected before and/or after putative binding and/or after
release and removal. In a particularly preferred aspect in
methods in which the bead (if bound) is removed by
cleavage, the signal from the bead is measured before and
after said cleavage step and a reduction in said level is
indicative of the binding of said bead allowing the identi-
fication of the target one or more bases by virtue of the
probes which attached to said bead. Such methods are useful
as enzymatic reactions may be incomplete, e.g. ligation or
cleavage, by design or default.

As referred to herein the “signal” of said bead is the signal
which is detected, e.g. its magnetism, optical activity, fluo-
rescence, colour and so on, depending on the nature of the
bead used.

In the above methods the presence or absence or level of
signal associated with the bead is indicative of the base
under investigation. Thus in a preferred aspect, step (iv) is
performed by determining the presence, absence or level of
signal associated with said bead, wherein the presence of
signal is indicative of binding of said test base or probe. In
a further preferred aspect, the level of signal associated with
said bead before and after a cleavage step is determined and
a decrease of signal after cleavage is indicative of said test
base or probe.

“Removing said bead” refers to spatially separating the
bead from the target polynucleotide to allow discrimination
between a target polynucleotide with which a bead is asso-
ciated after binding of a relevant test base or probe to which
said bead was attached and a polynucleotide from which the
bead has been released and removed. Removal is achieved
after release of the bead, e.g. by rupture of one or more
relevant bonds, after which the bead if free to be removed
from the location of the target polynucleotide. Conveniently
release is achieved by cleavage of one or more bonds such
as the bonds or associations between the bead and the base
or probe attached to the bead (e.g. disruption of binding
between binding partners in a binding pair) or by cleavage
of'bonds which allow removal of the bead together with one
or more bases to which it was attached, e.g. in restriction
enzyme cleavage reactions. After release the bead may be
removed e.g. by magnets or fluid flow, as discussed here-
inafter.

In a preferred aspect of the invention, a tethered bead may
be used. This may be attached to the solid support or to a part
of the target molecule or its linking molecule providing it
does not affect the sequencing methods described herein. In
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this method instead of an external supply of beads a tethered
bead is associated with each target, in such a way that they
have a higher degree of freedom until they are connected to
the probe/base which binds to the target sequence. The
added restriction of freedom when bound via the probe/base
to the target may be due to a shorter length of the target
compared to the tether or due to the positioning of the tether
compared to the associated target, resulting in a shorter
distance and/or a different positioning in relation to some
reference position, which could be the detection point when
the methods use detectors in a surface.

In methods of this sort, test bases or probes are bound to
said target polynucleotide and carry a binding partner to
allow the tethered bead (which carries the other binding
partner of the pair) to bind to those bases or probes.
However, care should be taken to avoid too much direct
binding of bases or probes to the beads, i.e. binding to the
bead directly at supply, as opposed to first binding to the
target while the beads are held at a distance from the targets,
then binding to the target as the beads are moved towards the
target polynucleotide or freely allowed to move, thereby
reaching the target (i.e. each bead reaching its own target).
In many cases the binding partners bind much faster with an
optimally designed fluid (e.g. a “bind and wash fluid” as
used for streptavidin Dynabeads) than with the enzyme
buffer used during polymerization or ligation.

In the case of the use of a tethered bead, removal of the
bead refers to removal away from the target polynucleotide
to allow access for the probes or bases to bind in subsequent
steps or the next cycle.

In the above described method, the steps are performed
one or more times and in each cycle one or more bases of
said sequence are identified. As mentioned hereinbefore a
cycle refers to the steps required to identify one or more
bases of the target sequence. If all permutations of the
complementary base/probe are presented to the target poly-
nucleotide in a single step with e.g. detection of different
beads allowing discrimination, i.e. all test probes/bases are
used together, the cycle may be completed by performing the
steps only once. However, if not all test bases/probes are
presented for identifying a base or sequence simultaneously,
additional steps are required to allow identification of the
base or target sequence. In that case the methods comprise
the steps as set forth above, but in which steps (i) (or (i) and
(1)), (iv) and (v) are performed for each set of test bases/
probes to be used until identification has been achieved. As
noted hereinbefore, identification of the one or more bases
may be absolute or partial.

In one embodiment of the invention, the method of the
invention involves the use of a polymerase and sequencing
is conducted by synthesis. Thus, in a further aspect the
present invention provides a method for determining a
nucleotide sequence of a single polynucleotide immobilised
on a solid support comprising the steps of}

(1) contacting said polynucleotide with at least one test
complementary base which may be complementary to a base
in said polynucleotide to which a bead is attached or to
which a first binding partner of a binding pair is attached and
covalently binding said test complementary base to said
polynucleotide when said test complementary base is
complementary to said base in said polynucleotide by
polymerisation;

(i1) when a binding partner is attached to said test comple-
mentary base, binding a bead attached to a second binding
partner of said binding pair to said test complementary base
to which said first binding partner is attached through said
binding pair;
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(iii) optionally repeating steps (i), or (i) and (ii), with at least
one different test complementary base until a test base which
is complementary to said base has bound to said polynucle-
otide;
(iv) determining which test complementary base bound to
said base of the polynucleotide by determining whether said
bead attached to said test complementary base bound to said
polynucleotide during steps (i) to (iii) to identify said base
of the polynucleotide; and
(v) removing said bead if not removed during step (iv);
wherein each cycle of steps (i) to (v) is performed one or
more times and in each cycle one base of said sequence is
identified.

This method also allows the determination of a homopo-
lymer sequence in the polynucleotide. Preferably said
method is conducted in the presence of a polymerase such as
a DNA or RNA polymerase. Preferably as mentioned above
said method involves the use of a base which has been
modified to prevent further chain extension and an addi-
tional step at the end of said method is preferred where said
base is modified to allow further extension, e.g. a protecting
group which prevents chain extension is removed.

In this case, the incorporation of a test base can be
determined by virtue of the presence of a bead attached
thereto. Conveniently, if the four different bases (e.g. A, G,
C, T) are each added sequentially i.e. in turn to the poly-
nucleotide, determination of the presence or absence of the
bead is investigated after the addition of each different base
type. In this way, the bound or incorporated base (and thus
the base to which it has base paired in the polynucleotide)
can be identified by the presence of the bead attached
thereto. Alternatively, as discussed below in further detail, if
all bases are added to the polynucleotide together, then
different bead types may be used as labels for each of the
four bases. The identification of a specific bead type, for
example bead size or colour, attached to the base incorpo-
rated into the polynucleotide may then be indicative of the
incorporation of a particular base.

This method is commonly known as sequencing by syn-
thesis (Jingyue et al., supra). The use of bead labels for the
bases in this sequencing method allows the easy identifica-
tion of incorporated bases without the need for expensive
equipment.

To avoid stalling, and thereby allowing the reading of
long partial sequences, the use of methods not relying on
polymerase are preferred.

Thus, in a further embodiment, the invention encom-
passes binding one or more probes by ligation to the
polynucleotide sequence using preferably a ligase (sequenc-
ing by ligation).

Thus in a further aspect, the present invention provides a
method for determining a nucleotide sequence of a single
polynucleotide immobilised on a solid support comprising
the steps of:

(1) contacting said polynucleotide with at least one test
complementary probe comprising a portion which may be
complementary to one or more bases in said polynucleotide
to which a bead is attached or to which a first binding partner
of'a binding pair is attached and covalently binding said test
complementary probe to said polynucleotide when said
portion of said test complementary probe is complementary
to said one or more bases in said polynucleotide by ligation
of said test probe to said polynucleotide;

(i1) when a binding partner is attached to said test comple-
mentary probe, binding a bead attached to a second binding
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partner of said binding pair to said test complementary probe
to which said first binding partner is attached through said
binding pair;

(iii) optionally repeating steps (i), or (i) and (ii), with at least
one different test complementary probe until a test probe
which has a portion which is complementary to said one or
more bases has bound to said polynucleotide;

(iv) determining which complementary portion of the test
probe bound to said one or more bases of the polynucleotide
by determining whether said bead attached to said test probe
bound to said polynucleotide during steps (i) to (iii) to
identify said one or more bases of the polynucleotide; and
(v) removing said bead if not removed during step (iv);
wherein each cycle of steps (i) to (v) is performed one or
more times and in each cycle one or more bases of said
sequence are identified.

Preferably said ligation is achieved chemically or enzy-
matically using a ligase. Suitable ligases for performance of
the method include T4 DNA ligase.

In this embodiment, the initial polynucleotide template
may be single stranded and its nucleotide sequence may be
determined by one or more repeated cycles of duplex
extension along the single stranded template. Particularly,
the extension may start from a duplex formed between an
initialising oligonucleotide and the polynucleotide template
where the initialising oligonucleotide is extended in an
initial extension reaction by ligation of an oligonucleotide
probe to its end to form an extended duplex. The identity of
one or more nucleotides in the polynucleotide can be deter-
mined by the presence of a bead attached to the successfully
bound oligonucleotide probe.

The initialising oligonucleotide used is selected to form a
highly stable duplex with the polynucleotide and the length
of the initialising oligonucleotide is generally longer than
the probes used in the ligation reactions (particularly the
length may be 20-30 nucleotides). Further, the initialising
oligonucleotide may be G/C rich. The selection of initialis-
ing oligonucleotides is described in U.S. Pat. No. 5,750,341.

The probe used in the ligation reaction should be capable
of'being ligated to the initialising oligonucleotide and should
form a duplex with the polynucleotide before the ligation
when complementarity exists. Preferably, the probe (or the
region thereof which binds to the target polynucleotide)
should be perfectly matched to the polynucleotide to allow
successful identification of the polynucleotide sequence i.e.
the probe should have 100% complementarity to the
sequence to be identified. The probes may comprise at least
2 nucleotide bases and particularly may contain 3, 4, 5, 6, 7,
8, 9 or 10 nucleotide bases. To achieve ligation, preferably
said probe has a single stranded portion of 3 or more bases,
eg. 4, 5, 6 or 7 bases. In order to identify a particular
sequence within the polynucleotide, a set of probes for each
permutation should be produced as previously discussed,
representative of the total different combinations of bases
which are possible within a probe of a particular length. For
example, a probe of 2 nucleotide bases may have 16
different combinations of nucleotide bases and hence 16
different probes should be constructed for addition to the
polynucleotide sequence. Probe sets may be generated for
each permutation if the probe is longer than the number of
bases to be detected in each cycle.

The different probe sets may be added separately and
sequentially to each other and the presence of a bead
investigated after each addition or the different probes may
be labelled with different beads and added to the target
polynucleotide at the same time. In this aspect, the detection
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of a particular bead may indicate the incorporation of a
particular probe and thus the corresponding sequence in the
polynucleotide.

In a further embodiment, the nucleotide sequence of the
polynucleotide may be determined by using a method of
stepwise ligation and cleavage, such as that described in
U.S. Pat. No. 5,714,330 in which the complementary incor-
porated probe or nucleotide base is labelled with a bead. The
method allows the identification of one or more terminal end
nucleotides of the polynucleotide sequence and one or more
nucleotides are removed from the end of the polynucleotide
to allow any further desired cycles of ligation and cleavage
to occur.

Thus in a further aspect, the present invention provides a
method for determining a nucleotide sequence of a single
polynucleotide immobilised on a solid support comprising
the steps of:

(1) contacting said polynucleotide with at least one test probe
comprising a portion which may be complementary to one
or more bases in said polynucleotide, and optionally at least
one test complementary base which may be complementary
to a base in said polynucleotide, to either of which a bead is
attached or to which a first binding partner of a binding pair
is attached, and covalently binding said test complementary
base and/or probe to said polynucleotide when said test
complementary base and/or portion of said test complemen-
tary probe is complementary to said one or more bases in
said polynucleotide by ligation of said probe to said poly-
nucleotide;

(i1) when a binding partner is attached to said test comple-
mentary base and/or probe, binding a bead attached to a
second binding partner of said binding pair to said test
complementary base and/or probe to which said first binding
partner is attached through said binding pair;

(iii) optionally repeating steps (i), or (i) and (ii), with at least
one different test complementary base and/or probe until a
test base which is complementary and/or a test probe which
has a portion which is complementary to said one or more
bases has bound to said polynucleotide;

(iv) after each step (i), or (1) and (ii), or after step (iii) adding
an enzyme capable of removing said bead by a cleavage
reaction which removes at least part of the test probe and at
least one base of the polynucleotide being sequenced if said
test probe bound to said polynucleotide and;

(v) determining which test complementary base and/or
complementary portion of the test probe bound to said one
or more bases of the polynucleotide by determining whether
said bead attached to said test complementary base and/or
probe bound to said polynucleotide during steps (i) to (iii) to
identify said one or more bases of the polynucleotide;
wherein each cycle of steps (i) to (v) is performed one or
more times and in each cycle one or more bases of said
sequence are identified.

In comparison to the general method described hereinbe-
fore a step of using a cleavage enzyme is added. Such a step
falls within the scope of the determining step (iv) in previous
methods, but in this preferred aspect is recited separately.

Preferably said enzyme is a nuclease, e.g. a restriction
enzyme, which has a cleavage site separate from its recog-
nition site and said probe contains a recognition site for said
nuclease. In this case cleavage results in the removal of one
or more bases from the target polynucleotide. This allows
the method to be repeated. Optionally each test probe has a
recognition site for a different nuclease.

In said method more than one test complementary bases
or probes may be used in each cycle if they may be
discriminated during the cycle. If multiple test complemen-
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tary probes are used together, in step (iv) optionally multiple
enzymes each capable of removing a bead from a different
test complementary probe may be used sequentially.

When a complementary base is used, it may carry the
bead or means for attaching the bead. The complementary
base may be a terminating nucleotide added to the end of the
extending chain by polymerisation. This base may bind
adjacent to the probe which binds to the target polynucle-
otide.

In methods in which complementary bases are also
employed, these bases may be used to bind to the target
sequence at the free 3' end (wherein the probe binds down-
stream from this site) and may be attached by polymerisa-
tion using an appropriate polymerase. The bead may be
associated with the bases or probes, but must be released on
cleavage.

Various methods may be used which employ a comple-
mentary test base. In the event that the test base is simply
used to complete the double stranded section to be cleaved
and is not complementary to a base to be sequenced, all 4
possible bases may be used in the reaction at the same time
and the sequence is determined based on which test probe
binds. In that case in the above method a polymerase is also
used in step (i). The test probe is bound to the target
polynucleotide by ligation. Since the incorporated base is
removed on cleavage with at least a portion of the test probe
(preferably all of the test probe), either the base(s) or test
probe(s) may carry the bead. In contrast, if one of the bases
to be sequenced is the base to which the test base binds,
since the probe provides the means of determining which
probe has bound by whether it has been ligated to the target
and is present for cleavage, a first test base should be used
with a first test probe such that binding of the first test base
can be identified by binding and cleavage of the first test
probe. In that case, in step (i) a first test probe and base
should be added and ligated and excess removed before a
second test probe and base is added and ligated and so on
before the cleavage step. In this scenario the bead may be
attached to either the test base or probe. Conveniently,
however, such that the process is as simplified as possible,
the base(s) to be detected are complementary to one or more
bases in the test probe and either no test bases are used (i.e.
the probes bind at the 3' end of the single stranded portion
of the target polynucleotide) or all possible bases are used
together to complete the double stranded portion of the
resulting molecule to allow for subsequent cleavage.

In such methods, to allow performance of the stepwise
ligation and cleavage method a test probe must bind during
the method and thus in step (i) said test complementary
probe is covalently bound to said polynucleotide by ligation
and if necessary step (iii) is performed until a test probe
which has a portion which is complementary to said one or
more bases has bound to said polynucleotide and optionally
a test complementary base has bound to said polynucleotide.

The test probe used in the method of the invention for
stepwise ligation and cleavage preferably comprises a
double stranded portion which may contain a recognition
site for a nuclease and may further have a protruding strand
(or single stranded part) which can form a duplex with a
complementary protruding strand of the polynucleotide. In
this way, probes will ligate to polynucleotides which have
complementary protruding parts. The polynucleotide
sequence may be determined either by virtue of a bead
attached to the test probe, or by virtue of a bead attached to
a nucleotide base which is incorporated into the polynucle-
otide prior to the ligation step. In either case, after ligation
of the probe, a cleavage is conducted, e.g. by a nuclease
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recognising a sequence within the probe to cleave the ligated
complex at a site one or more nucleotides from the ligation
site along the polynucleotide, leaving an end which may
participate in any further cycle of ligation and/or polymeri-
sation and release the bead (with associated nucleotides) to
allow its removal.

As is known in the art, in methods reliant on the intro-
duction of a restriction site for cleavage, sequencing may be
affected if the restriction site appears in the target sequence.
This problem could be avoided by cleaving the targets with
the same restriction enzyme or one with the same recogni-
tion sequence before the targets are immobilized. Alterna-
tively this problem may be avoided by methylation of the
target sequence.

In this method a restriction enzyme as described herein-
before may be used (type Ils or type IIb). Preferably a Type
IIb restriction enzyme is employed to generate 5 base
overhangs on cleavage.

In determining whether a bead is attached, detection steps
as described hereinbefore may be used. Thus, the presence
or absence or level of signal associated with the bead may
be detected. In particularly preferred aspects according to
the invention, a quantitative assessment is made to deter-
mine the level of signal (from the bead) attached to the
polynucleotide.

As with other methods of the invention, the beads and/or
their linking groups to the base or probe for each permuta-
tion may be different and may be distinguishable allowing
their addition together and separate detection during the
method. In the alternative the beads for all test probes may
be identical and each probe set may be added sequentially,
i.e. steps (1) (or (i) and (i1)) and (iv) may be repeated until
the probe set with the relevant complementary probe or base
is employed.

Groups of probe sets may be added together if they may
be distinguished in steps (iv) and (v).

Probes may be distinguished on the basis of their beads or
for example the recognition sites in those probes. Thus for
example, different sets of probes may be bound to the same
bead or type of bead, but each or more than one set of probes
may have a different restriction site. In that case the one or
more sets of probes may be added to the reaction and then
successive restriction enzymes may be used which are
directed to specific probe restriction sites. Release by a
particular restriction enzyme would be indicative of the
relevant probe binding and hence the identity of the target
sequence/base. For example, the method may use 2, 3, or
more restriction enzymes with the same number of bases in
the overhang, in succession, with detection of bead associ-
ated with the target before and after each addition. In the
case of 4 different probe sets, each could be distinguished by
a different restriction site and all probe sets could be added
at one time followed by successive cleavage reactions.
Alternatively two probe sets could be used in two different
cycles in which in each cycle two rounds of cleavage with
different enzymes could be conducted. Various combina-
tions are possible. For example, ligation could be performed
using one set of probes consisting of G and T probes
followed by ligation with a mixture of A and C probes. I[f A
and G probes use one restriction enzyme and C and T
another, then all four bases may be differentiated after two
ligations and two cleavages. Using another grouping, with
three ligations and three cleavages it is possible to differ-
entiate nine groups. By appropriate combinations of groups
with two or more bases to be detected, i.e. not fully varied,
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but possibly partly varied, it is possible to increase the data
quality specifically where the ligase is least selective, e.g. for
T/G detection.

As mentioned above, the step of determining which test
complementary base or probe has bound by assessing the
absence or presence of the bead or level of signal associated
with the bead may be conducted at various points in the
method. Thus, step (v) refers to a determination which may
be carried out at various time points in the method. Thus for
example the bead may be detected on binding and the
cleavage step simply used to remove the bead. In the
alternative, information on whether a probe has bound may
only be revealed when the cleavage step is performed (step
(iv)) and in which case the determination is made after the
cleavage step. Preferably, however both steps are performed
for comparative purposes.

Various orders for the steps may be used, depending on
the probes and enzymes in use. Thus if two or more probes
may be discriminated by virtue of their beads or their
cleavage reaction they may be added together or sequen-
tially before cleavage. If they are discriminated by the
cleavage reaction, cleavage enzymes may be added sequen-
tially. In the alternative the probes may be added sequen-
tially and cleavage performed after each addition. In these
scenarios the detection of the bead may be carried out before
addition of the probes, after their addition, before cleavage
or after cleavage and may be carried out for each probe
binding or cleavage step or after multiple probe bending or
cleavage steps depending on the protocol in use.

In a preferred aspect, in the above method multiple
cleavage enzymes are used which are able to discriminate
between probes and/or bases which have bound. Thus in a
particularly preferred method, the present invention pro-
vides a method for determining a nucleotide sequence of a
single polynucleotide immobilised on a solid support, com-
prising the steps of:

(1) (a) contacting said polynucleotide with at least a first and
second test probe each comprising a portion which may be
complementary to one or more bases in said polynucleotide,
and optionally at least one test complementary base each of
which may be complementary to a base in said polynucle-
otide, to which test base and/or probe a bead is attached or
to which a first binding partner of a binding pair is attached,
and covalently binding said first or second test complemen-
tary probe to said polynucleotide when said test first or
second complementary portion of said test complementary
probe is complementary to said one or more bases in said
polynucleotide by ligation of said first or second probe to
said polynucleotide, (b) when a binding partner is attached
to said test complementary base and/or probe, binding a
bead attached to a second binding partner of said binding
pair to said test complementary base and/or probe to which
said first binding partner is attached through said binding
pair;

(i1) adding a first enzyme capable of removing at least part
of said first test probe and at least one base of the poly-
nucleotide being sequenced by a cleavage reaction if said
first test probe bound to said polynucleotide and then
sequentially adding at least a second enzyme capable of
removing at least part of said second test probe if said
second test probe bound to said polynucleotide, wherein
each of said enzymes is different and specific for said first or
second probe;

(iii) optionally repeating steps (i) and (ii) with at least two
different test complementary probes and at least two
enzymes wherein said enzymes may be the same or different
to the enzymes used in step (ii) until a test probe which has
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a portion which is complementary to said one or more bases
has bound to said polynucleotide and optionally a test
complementary base has bound to said polynucleotide;
(iv) determining which test complementary base and/or
complementary portion of the test probe bound to said one
or more bases of the polynucleotide by determining whether
said bead attached to said test complementary base and/or
probe bound to said polynucleotide during steps (i), (ii) or
(iii) to identify said one or more bases of the polynucleotide;

wherein each cycle of steps (i) to (iv) is performed one or
more times, and in each cycle one or more bases of said
sequence are identified.

The at least two test probes to be added, may be added
sequentially or together or a combination thereof (e.g. two
probes together followed by two further probes). When
added sequentially the ligation step may be performed after
each addition (which is appropriate when test bases are also
used) or preferably is performed once all test probes have
been added. As discussed below, more than four probes may
be used in the method which all may be added sequentially
and/or together.

In a preferred feature of this method, in step (i) at least a
first, second, third and fourth test probe each comprising a
portion which may be complementary to one or more bases
in said polynucleotide is used and in step (ii) at least a first,
second, third and fourth enzyme is used, all of which
enzymes are different and specific for said first, second, third
or fourth probes.

In an alternative preferred embodiment in step (i) at least
a first and second test probe each comprising a portion which
may be complementary to one or more bases in said poly-
nucleotide is used and in step (ii) at least a first and second
enzyme is used. Preferably in each cycle more than one base
of said sequence is identified.

In a preferred embodiment of this aspect, steps (i) to (iv)
are repeated more than once, i.e. more than one cycles are
performed, preferably at least 2 cycles as discussed herein-
after. In a particularly preferred aspect, said steps are
repeated such that all test base or probe sets are tested.

In said method two or more test complementary bases or
probes may be used in each cycle. In step (i) multiple
enzymes each capable of cleaving a different test comple-
mentary probe may be used sequentially.

In accordance with this aspect of the invention, the probe
may be cleaved by an enzyme specific to that probe. Thus,
conveniently the probe contains at least one recognition site
for a cleavage enzyme.

The “enzyme capable of removing at least part of said test
probe” is a cleavage enzyme which recognizes and binds to
the test probe when bound to the target nucleotide sequence
and cleaves the test probe and/or a sequence adjacent to said
probe on the target polynucleotide, but may not necessarily
bind to or cleave said test probe when not bound to the target
nucleotide sequence. When said enzyme cleaves the test
probe, the cleavage effectively cleaves and hence removes
the cleaved part of the probe from the target polynucleotide:
probe complex. When said enzyme cleaves an adjacent
sequence, the cleavage occurs upstream or downstream of
said probe such that the probe (in its entirety) and some of
the target polynucleotide sequence is removed from the
target polynucleotide:probe complex on cleavage. The
cleavage and recognition sites are preferably separate.
Whilst the recognition site consists of at least a portion of the
probe sequence, the cleavage site may not contain any of the
probe sequence, e.g. when the cleavage site is up or down-
stream of the recognition site, e.g. when the enzyme is a
restriction enzyme.



US 9,447,465 B2

21

The cleavage site may be between the bead and the rest of
the probe which binds to the target polynucleotide to be
sequenced. In that case, if necessary, to allow reiterative
sequencing reactions, a further cleavage enzyme may be
necessary to remove the remaining portion of the probe and
at least a part of the target sequence to reveal a new base(s)
for sequencing. Conveniently, however, the cleavage site is
located such that on cleavage the probe is removed in full
from the target polynucleotide:probe complex as well as at
least one base of the target polynucleotide.

Preferably said enzyme is a nuclease as described here-
inbefore and each test probe (or probe set) has a recognition
site for a different nuclease.

In this aspect of the method of the invention, at least a first
and second probe is employed with a first and second
enzyme specific for the respective probes. Thus the first
probe recognizes and cleaves the first (but not second) probe
when that probe binds to the polynucleotide to be sequenced,
i.e. it is specific for the first probe and does not recognize or
cleave the second probe. Conveniently this is achieved by
using enzymes (and corresponding probes) with different
recognition sites. Thus, in a preferred embodiment of the
invention, each enzyme is a nuclease which has a cleavage
site separate from its recognition site and said test probe
contains a recognition site for said nuclease and each
enzyme used in said method has a different recognition site.
The cleavage site of the enzymes may be the same or
different. Preferably, as discussed above, said enzyme is a
restriction enzyme, preferably a type IIb restriction enzyme
and each enzyme used in said method is a different restric-
tion enzyme.

In the above method, the assessment of the presence or
absence of a bead may be made at various times during steps
(1) to (iii) to allow the determination, e.g. (a) assessment may
be made before any binding (i.e. at the start of step (1)), (b)
assessment of binding after steps (i) or (iii)(part (i)) to
determine if a bead is bound to the polynucleotide, and/or (c)
assessment of binding after cleavage (i.e. after step (ii) or
(iii)(step (ii)). Since the method relies on selective cleavage
by different enzymes, the determination is made at least after
the cleavage step. In methods in which the bead provides
additional sequence information, the determination is also
made at least after the binding of steps (1) or (iii)(part(i).

The invention allows a single bead to be used, but in
addition, multiple different beads may be used which each
generate a different type of signal to identify which test
probe has bound. Such methods may be used as additional
confirmation of the identity of the target base(s) e.g. the
bound probe is recognized via both its cleavage character-
istics and the bead attached to it. Alternatively, such methods
may be used to reveal additional sequencing information
during the method. When a single bead type is used, this
may be used to identify the probe which bound and which
is removed during the cleavage reaction. The bead may also
be used to provide additional sequencing information as it is
independent of the cleavage recognition site. Thus one may
generate, for example, 16 probes to cover each of the
permutations possible for variation in two bases. These
probes may then be grouped into sets in which the first (or
second base) is the same but the other base of interest varies,
i.e. into 4 probe sets all of which carry the same bead type
but in which the 4 probes of the set may be discriminated
based on their cleavage characteristics, i.e. cleavage enzyme
recognition site. In the method a first probe set is added and
binding of a probe from that set (before cleavage) is
assessed. [f no probe binds, the second set of probes is added
and so on until a probe binds. Once a probe from a probe set
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binds, this allows the identification of one base in the
sequence, based on the identity of the probe set in which the
first (or second) base is invariant. To identify the second (or
first) base, i.e. the identity of the specific probe which bound
from within the 4 probes of the probe set, successive
cleavage reactions are performed with each of the different
cleavage, enzymes until cleavage occurs and the bead is
released. In this way, both the first and second bases may be
identified in a single cycle.

Conveniently, multiple different beads may also be used
in such a method and in that case all probe sets may be used
simultaneously. Thus for example one may determine two
adjacent bases in each cycle in which one base is determined
on the basis of the bead type and the other base is determined
on the basis of the cleavage characteristics of the probe. In
this case one may generate 16 probes to cover each of the
permutations possible for variation in two bases. The 4
probe sets which differ in the first base may be distinguished
on the basis of different beads and the 4 probe sets which
differ in the second base may be distinguished on the basis
of their cleavage characteristics. The 4 probe sets may be
used together or sequentially in methods of the invention.
Thus for example, if the probe sets are used together, and
cleaved with different cleavage enzymes sequentially, one
may detect the bead that is bound and the cleavage enzyme
required for cleavage to identify which of the 16 probes
bound and hence 2 bases may be sequenced in each cycle.

It will be appreciated that further bases may be identified
in a single cycle by using different discriminatory techniques
as discussed above and/or sequential addition of the probes
or probe sets. By way of example, 3 bases may be identified
by using 4 probe sets added sequentially in which each probe
in the first probe set (probe set 1) is invariant at position N,
but probes for each permutation at positions N+1 and N+2
are provided in the probe set. Within the probe set, the
probes which vary at N+1 may be identified by different
signalling means for the different variables and the probes
which vary at position N+2 may be identified by different
cleavage characteristics for the different variables. In the
method of the invention probe set 1 is added to the target
polynucleotide. If no probe in probe set 1 binds, probe set 2
is contacted with the target polynucleotide and so on until a
probe binds. Once binding has occurred, the signalling
means of the bound probe is detected followed by sequential
cleavage with relevant enzymes. The identity of position N
is revealed by the probe set containing the probe which
bound, the identity of the signalling means allows identifi-
cation of position N+1 and the enzyme which cleaves to
remove at least part of the probe reveals the identity of
position N+2.

Thus, in a preferred aspect, the present method provides
a method in which said first and second probes comprise a
first and second set of probes and a bead is attached to said
probes and/or bases and said at least first and second probe
sets and/or bases are added consecutively and the signal
associated with the bead is detected after each addition to
determine which test complementary base and/or probe
bound to said polynucleotide to determine the sequence of
one or more bases of said target sequence, wherein the one
or more bases which are identified are different to the one or
more bases which are identified by determining which probe
is cleaved during step (ii).

In a particularly preferred aspect, the beads which are
used may be different. In that case the first and second
probes and/or bases may be added together and the deter-
mination made in a single step. Thus in a preferred aspect,
said first and second probes comprise a first and second set
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of probes and different beads (which may be discriminated)
are attached to at least two probes of each set of probes
and/or test bases and the signal associated with said different
beads is detected to determine which test complementary
base and/or probe bound to said polynucleotide to determine
the sequence of one or more bases of said target sequence,
wherein the one or more bases which are identified are
different to the one or more bases which are identified by
determining which probe is cleaved during step (ii). In this
case the first or second probe sets are distinguished on the
basis of their cleavage characteristics and the probes within
the sets are identified on the basis of their beads. Conve-
niently 4 sets of probes are used each comprising 4 different
probes to which different beads are attached which may be
discriminated.

In the methods of the invention, a complementary base or
probe is either bead labelled prior to binding to the poly-
nucleotide or is labelled with a bead after binding to the
polynucleotide though the use of binding partners. In a
particular embodiment, the base or probe is labelled after
binding to the polynucleotide. If labelled after binding, a
step of removing any unbound beads should be carried out
prior to the step of determining the presence of a bead
attached to the bound base or probe. This may be easily
achieved for example if the beads are paramagnetic by
applying a magnet.

Similarly, if the base/probe is labelled prior to binding, a
step should be carried out to remove any unbound base/
probe bead labelled complexes before the step of determin-
ing the presence of a bead attached to the bound base or
probe.

The labelled probe or base may be detected in situ (i.e.
when attached to the target sequence) or detected on release.
In the latter case, the sequencing reaction is washed to
remove unbound beads from the mixture and then the beads
are released as described hereinafter. The presence of beads
in the released mix is evidence of the presence of the
corresponding complementary base(s) in the target
sequence.

Before assessment of the next set of test probes may
commence the bead must be released and removed from the
target sequence (or from released probes or bases for reuse).
In methods in which beads are detected in situ, after their
detection they must be released and removed.

Beads may be released by any convenient means e.g. by
enzymatic (e.g. using an RNA endonuclease), chemical,
photochemical (see WO 2004/007773 and PCT/US2003/
021818) or mechanical cleavage. Enzymatic cleavage
includes nuclease cleavage if a method of stepwise ligation
and cleavage is employed. In such methods the cleavage site
appears in the target polynucleotide by use of a nuclease
which has a cleavage site separate from the recognition site.
In other methods of the invention the bead may also be
released by enzymatic cleavage. Thus, a cleavage site may
be placed between the base or probe and the bead. Particu-
larly, a restriction enzyme site may be incorporated between
the bead and the base or probe. Any restriction enzyme may
be used and cleavage may then be achieved using any
suitable restriction enzyme for that site. Particularly, a type
1Is or type IIb restriction endonuclease may be employed as
described hereinbefore. The restriction or cleavage site may
be positioned directly adjacent to the base or probe (i.e. at
the part of the probe most proximal to the bead) to enable the
cleavage of the bead together with any linker or other
binding moiety which may be present or the restriction or
cleavage site may be positioned directly adjacent to the bead
to enable cleavage and possible reuse of the bead. If the bead
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labelled probe is incorporated into the polynucleotide by
ligation, a nicking restriction enzyme may be used to release
the bead.

In a preferred embodiment of the invention, mechanical
cleavage may be used thus avoiding chemical removal as
required in some prior art sequencing methods. This method
is particularly useful when used in methods of polymeriza-
tion sequencing in which pre-labelled beads or bases are
used, as opposed to chemical or photochemical cleavage,
because only the involved modified base is broken at a weak
link. None of the other bases on the released beads are
broken, which could have been disruptive, as they could
readily have been incorporated by polymerization.

Small paramagnetic beads may be released by increasing
the magnetic force by using more magnetically active beads
or by accelerating the flow cell, or combining forces from
two or more of magnetism, acceleration and vibration, the
latter preferably at a frequency close to the mechanical
resonance frequency for the target/bead system. Another
force which may easily release beads alone or in combina-
tion with the former is the force which results from fluid
flow. Use of this form of release forms a preferred aspect of
the invention. The fluid may be reused as long as there are
enough remaining bases on the beads and the level of
pyrophosphate is low enough. Periodical resupply of beads
and/or removal of the pyrophosphate may be used.

The cleaved beads may then be removed from the reac-
tion, for example using a magnet if the beads are paramag-
netic. Alternatively removal may be achieved by separation
and washing, e.g. using fluid flow, e.g. over a chip. A
combination of these techniques may be used. A further bead
detection or visualisation step may be carried out after the
cleaved beads have been removed to check that all the beads
have been successfully removed, before the reaction is
resumed e.g. before the chain terminating effect is neutral-
ised and the performance of such a step is preferred.

The term “bead” as used herein refers to a microparticle
which is typically but not necessarily a spherical solid
support. Although the size of the beads is not critical, they
may for example be of the order of diameter of at least 0.05,
0.1,03,0.5,1, 1.5, 2, 2.5, 3 or 3.5 um and have a maximum
diameter of not more than 50, 20, 10, 8 or 6 um. Particularly,
beads of 1 or 2.8 or 4.5 or 10 um may be used in the
invention. By diameter is meant size along the longest axis
of the bead or along any axis of a spherical bead. “Radius”
denotes half of this diameter.

In methods described herein for each single polynucle-
otide only a single probe/base with a single attached bead
will bind in each cycle. Reference to “beads” in the plural
should be read in the singular or reflects multiple reactions
being conducted together but each on a single polynucle-
otide.

Monodisperse beads, that is those which are substantially
uniform in size (e.g. size having a diameter standard devia-
tion of less than 5%) may be used in the present invention
as they provide very uniform reproducibility of reaction.

The bead can be made from any material which allows the
formation of a suitable solid support. Non-magnetic polymer
beads suitable for use in the methods of the invention are
available from Invitrogen as well as from Qiagen, Serotec,
Merck, Promega, to name a few. Non-magnetic beads may
be manufactured from many different materials well known
in the art, for example, from plastic e.g. from polystyrene.

However, to aid manipulation and separation, magnetic
beads are preferred. The term “magnetic” as used herein
means that the bead is capable of having a magnetic moment
imparted to it when placed in a magnetic field and thus is
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displaceable under the action of that field. In other words,
magnetic beads may readily be removed by magnetic aggre-
gation which provides a quick, simple and efficient way of
separating any unattached beads following incubation of
beads with test bases or probes or following their cleavage
from the polynucleotide. This provides a distinct advantage
over the fluorophores used in many sequencing methods in
the prior art.

Thus, the magnetic particles which are unbound may be
removed onto a suitable surface by application of a magnetic
field e.g. using a permanent magnet.

Magnetic beads comprise magnetically responsive mate-
rial which responds to a magnetic field, for example, para-
magnetic materials, ferromagnetic materials, ferrimagnetic
materials and metamagnetic materials. Hence, iron, nickel
and cobalt as well as metal oxides such as Fe;O,,
BaFe,,0,,, CoO, NiO, Mn,0;, Cr,0; and CoMnP can be
used. The magnetically responsive material may be only one
component of the bead, whose remainder may consist of a
polymeric material to which the magnetically responsive
material is affixed.

The quantity of magnetically responsive material in the
bead is not critical and can vary over a wide range, for
example, from about 1% to about 75% by weight of the
particle as a whole. The range may be from 2% to 50%, from
3% to 25% or from 5% to 15%. The magnetically responsive
material can be dispersed throughout the polymer, applied as
a coating on the polymer surface or incorporated or fixed in
any other manner that secures the magnetically responsive
material to the polymer. Hence, the magnetically responsive
material may form the nucleus or core of the bead.

The polymeric material that forms the remainder of the
bead can be any material that can be formed into a solid
bead. Examples of suitable polymers are polyesters,
polyethers, polyolefins, polyalkylene oxides, polyamides,
polyurethanes, polysaccharides, celluloses and polyiso-
prenes. Crosslinking is useful in many polymers for impart-
ing structural integrity and rigidity to the bead.

Superparamagnetic beads for example those described by
Sintef in EP-A-106873 can also be used which allow the
avoidance of magnetic aggregation and clumping of the
beads even with high permeability. Further the magnetic
particles sold by Invitrogen as Dynabeads are particularly
suited to use in the present invention.

A particular advantage of using magnetic beads is that the
beads can be “pulled down” onto the polynucleotide which
may be immobilised to a solid support, to enable more rapid
incorporation of bead labelled bases or probes into the
polynucleotide or to enable more rapid binding of the beads
to bases or probes which have been incorporated into the
polynucleotide but not yet labelled.

The bead may be attached to the test complementary base
or probe either directly or indirectly in any convenient way
before or after incorporation into the polynucleotide, accord-
ing to techniques well known in the art and described in the
literature but ensuring that the bead does not prevent access
of the probe or base to which it is attached to the target
polynucleotide or prevent required reactions to take place,
e.g. polymerisation, ligation or cleavage reactions.

Thus, the base or probe may be attached directly to the
beads. Such attachment may readily be achieved by methods
(e.g. coupling chemistries) well known in the art and con-
veniently, the base or probe may be bound directly to the
bead for example by coating.

Alternatively, the bead may be indirectly attached to the
test complementary base or probe. The base or probe may
therefore be attached to the bead through one or more other
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molecules which may be directly attached to the bead. These
may give rise to a covalent or non-covalent association. In
a preferred aspect, the bead may carry one or more linking
moieties or spacers which have an affinity for the base or
probe or for a tag incorporated into the base or probe.
Preferably this indirect binding is achieved via binding
partners. In this case, the bead may conveniently carry or be
provided with a binding moiety capable of binding to the
base or probe such that binding occurs via at least two
binding partners of a binding pair. As referred to herein a
“binding pair” refers to a pair of molecules which form a
specific and stable interaction. Examples included DNA:
DNA, ligand:receptor, antibody:antigen interactions. Such
binding moieties are well known in the art e.g. biotin/
streptavidin may be used where the base or probe is coupled
to a biotin group and the beads are streptavidin coated.

In a preferred aspect the base or probe may be attached to
the bead by biotin/streptavidin binding or by biotin/avidin
binding in which biotin and streptavidin form the binding
partners. Hence, streptavidin or avidin coated beads may be
used to bind a base or probe which is linked to a biotin
group. Other binding pairs which may be used include
digoxigenin:antidigoxigenin.

In a particularly preferred aspect, the base or probe is
attached to said bead via a linkage (preferably but not
necessarily including binding pairs), which is cleavable.
This allows release of said bead. In a further preferred aspect
said cleavable linkage has a restriction site cleavable by a
restriction enzyme. Conveniently this may be generated by
use of at least partially single stranded oligonucleotides
which are binding partners which together form a recogni-
tion and restriction site once hybridized.

The test base or probe may be attached to the bead prior
to binding to the polynucleotide. In this aspect, single or
multiple copies of the base or probe may be attached onto
each bead. Preferably said bead carries at least 100, 500,
1000, 10000 or 100000 probes. These probes may be the
same or different but are preferably a single set of probes. In
the event that different probes are carried on the same bead
but they are not from a single set of probes (i.e. directed to
a single permutation), probes of each set are preferably
distinguishable by virtue of their binding pair, e.g. they may
be attached via distinguishable cleavage sites. When using
non-terminating bases more than one base may be bound to
each bead but the number should be kept lower to avoid
homopolymer incorporation.

Alternatively, the base or probe may first be bound to the
polynucleotide sequence before being attached to the bead.
In this case, the bead may conveniently carry or be provided
with one of a pair of binding partners as described herein-
before.

Coloured transparent beads can be used in the methods of
the invention and can be detected. One or more different
beads of different colours can be used as labels. Therefore,
two, three or four different bead colours can be used in the
invention. Particularly, one or more different bead colours
can be used simultaneously and can be detected as described
below in further detail. Different bead colours can thus be
used to detect whether different test probes or bases have
been incorporated into the polynucleotide, for example the
four bases may be labelled with four different coloured
beads and the colour of the bead attached to the bound base
can identify that base and thus its complementary base in the
polynucleotide. This is particularly advantageous when all
four bases are applied to the polynucleotide at the same time.
Therefore, a specific bead colour may specifically identify a
particular base or probe.
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Detection of different colours may be achieved through
their filtering effect on e.g. three or four colours, for which
there exist filtering substances with, as far as possible,
non-overlapping filter curves. By combining these sub-
stances in different amounts, e.g. 10 different amounts, 1000
or 10 000 different beads may theoretically be differentiated.
Due to some overlap of the filter curves, the number may
need to be reduced, but 256 different beads may be differ-
entiated, allowing up to 4 bases to be read at any one time
by using probes to each of the 256 permutations.

As an alternative to filtering beads, coloured beads may be
produced by marking e.g. coating such beads with a dye e.g.
a fluorescent dye. Further, beads of different colour inten-
sities may be used. Preferably, however, in methods of the
invention the label carried by the bead is non-fluorescent.

Different sized beads can be used as labels. Beads of 2, 3,
4,5,6,7, 8,9 or 10 different sizes can be used simultane-
ously as labels and be detected. Beads of different sizes will
be able to identify different bases or probes to which they are
attached which will be particularly advantageous in a
method of the invention in which different bases or probes
are added simultaneously to the polynucleotide. The base
which is incorporated may be identified by virtue of the size
of the bead to which it is bound.

When using beads of different sizes and/or colours as
labels for the bases or probes, it may be necessary to label
the bases or probes individually prior to binding to the
polynucleotide or to use a different linker or affinity binding
pair to specifically bind a particular base or probe to a
particular bead. In the former case, bead labelling is con-
ducted before the sequencing reaction and each set of probes
(e.g. ANNN) or base (e.g. A) is attached to a different bead.
Multiple probes or bases of each set may be attached to each
bead to provide up to 256 different beads (for example). In
the case of labelling after binding to the polynucleotide
target, since the variation in bead type is limited by the
number of unique binding partners that can be accommo-
dated, the number of different bead types that may be used
and is dependent on the number of unique binding partners
that can be used. This can be large if unique oligonucleotides
are used as the binding partners.

It may be possible to multiplex the method further by
using combinations of different bead sizes, colours and/or
intensities. Hence, different subgroups of beads which may
be a range of colours, colour intensities and/or sizes may be
used in the method of the invention. The detection of such
subgroups of beads may require the measurement of a
variety of different parameters, for example magnetic detec-
tion of bead size and light detection of bead colour.

Thus, in each sequencing cycle for each base(s) the
different sets of probes or nucleotides to be tested may be
added together or separately depending on the detection
technique to be used. Thus all test probes or nucleotides may
be added together if they may be distinguished by virtue of
the bead which is attached, e.g. 4 different types of bead to
denote each of the four possible bases. Alternatively the
probes may be added separately or in groups if those groups
may be distinguished, e.g. 2 sets of 2 in which 2 distin-
guishable probes are used in each case. In a further alter-
native of this type, the probes may be added all together or
in groups but they may be released separately or in distin-
guishable groups. This may be achieved for example in the
ligation/cleavage method by using probes with different
nuclease recognition sites such that release of a bead in
response to addition of a particular restriction enzyme
allows identification of the probe which bound (on the basis
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of the restriction enzyme used and the bead identified) and
hence the identity of the target nucleotide(s).

The detection of the bead label may be by optical,
magnetic, electric or electrochemical means. For example,
the size and therefore presence of a bead may be detected by
virtue of a magnetic field. Conveniently the method of the
invention is carried out on a chip.

In a particular preferred embodiment, the detection of the
bead may be carried out using an apparatus comprising a
surface which is provided with a means for detecting a bead.
The surface may comprise one or more elements which
provide an output dependent on the presence or absence of
a bead. In a preferred embodiment, the detection of the bead
may be carried out optically by a method described in
PCT/GB2010/00324 for example using an apparatus
described therein.

In such a method, the polynucleotide may be attached to
the surface which is provided with a means for detecting a
bead. Thus, the surface may be provided with one or more
light sensitive elements wherein each light sensitive element
is arranged to detect a bead adjacent thereto. The light
sensitive elements may alternatively be replaced or used in
conjunction with other elements which are capable of detect-
ing a bead e.g. Hall elements. The one or more light sensitive
elements provided on or within the surface are capable of
outputting a signal which is dependent on the presence or
absence of a bead and the signal provided from each light
sensitive element will therefore indicate whether a bead and
thus an incorporated base or probe is present. In this
detection method, the bead is itself directly detected by the
one or more light sensitive elements. The bead may be
arranged to emit light which can be detected by a light
sensitive element e.g. it may be fluorescent, although in a
preferred aspect, the bead is detected when it blocks light
from reaching the light sensitive element in question. Thus
preferably said detection is by detecting light changes result-
ing from the presence of the bead on a light sensitive surface.
Thus, the bead effectively casts a shadow on the element.
The light source used may be ambient light or a dedicated
light source may be provided. By illuminating the surface,
the detection of any shadows created by the presence of
beads or the obstruction of light from the light sensitive
elements can be detected more easily. Further, to prevent
external light sources from affecting results, preferably the
light sensitive elements are shielded from external light by
a suitable housing.

The light sensitive elements are therefore capable of
measuring the amount of light received by the surface which
can determine the presence or absence of a bead. A bead can
be detected by an individual light sensitive element or by a
group of light sensitive elements, depending on the size of
the beads, the light sensitive elements and the distance of the
beads from the surface. Hence, it is possible that an indi-
vidual light sensitive element can detect a bead or that 2, 3,
4, but more likely 4, 9, 16 or more light sensitive elements
can detect a bead. The amount of light detected by each light
sensitive element and hence the signal output from the light
sensitive elements when no beads are present can be used as
a reference point against which other measurements can be
compared. A reduction in light (i.e. created by the shadow of
bead) received by a light sensitive element will result in the
output of a signal which differs from that outputted when
beads are absent. As discussed below, the amount of light
received by each light sensitive element when a bead is
present will depend upon various factors, including the bead
size, the size of each light sensitive element and the length
of the polynucleotide attached to the surface.
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The “surface” is preferably provided with a plurality of
light sensitive elements arranged to form an array. The light
sensitive elements may be on or form the outer layer of the
surface or may be comprised within the surface e.g. may be
present beneath one or more other material layers. Arrays of
light sensors or of light sensitive elements are well known in
the art and include charged coupled devices e.g. of the type
used in cameras or CMOS active pixel sensors. Modifica-
tions may be made to such CCD or CMOS image chips as
discussed further below. The surface may be the substrate of
such a device.

The polynucleotide whose sequence is to be determined
may be attached to or placed above the one or more light
sensitive elements present in or on the surface to enable the
generation of an output from the attached bead. Preferably,
a single polynucleotide may be associated with a light
sensitive element or a group of elements and may be
detected. A polynucleotide sequence may further be divided
over more than one light sensitive element or group of
elements to enable the sequence to be ascertained more
rapidly i.e. for portions of the sequence to be determined by
different light sensitive elements, but in each case a single
polynucleotide is sequenced.

The bead may cast a shadow on the surface and on a light
sensitive element or a group of light sensitive elements when
the bead is present and hence reduce the amount of light
received by the light sensitive element(s). For example, the
bead may reduce the amount of light received by the light
sensitive element(s) by from about 10-100%, e.g. particu-
larly at least 10, 20, 30, 40, 50, 60, 70, 80, 90 or 95%. It will
be appreciated that the output provided will be dependent on
the size of bead used, the size of the individual light sensitive
elements present on the surface and the distance from which
the bead is tethered from the surface. Therefore, a bead
which is the same size or larger than a light sensitive element
may prevent most light from falling on the light sensitive
element. Each light sensitive element and bead size combi-
nation may be calibrated by measuring the signal output
when a bead is present or attached to that light sensitive
element.

It is possible for a particular bead size to be chosen
depending on the size of the light sensitive elements in or on
the surface. Particularly, for the sequencing of a polynucle-
otide where the 4 bases or different probes are added
sequentially to each other, a bead may be selected which
corresponds to the size of the one or more light sensitive
elements in or on the surface. Alternatively, for the sequenc-
ing of a polynucleotide where all 4 bases or different probes
are added simultaneously to the polynucleotide and where
the bases or probes are distinguished on bead size, the bead
sizes will preferably be smaller than the size of the element
or group of elements. Hence, a bead may be selected which
when attached to the surface will reduce the amount of light
by at least 10, 20, 30, 40, 50, 60, 70, 80, 90 or 95%. For
example, 1 pm diameter beads may be used in combination
with 1.75x1.75 pm light sensitive elements or 2.8 pm
diameter beads may be used with 3.2x3.2 um light sensitive
elements.

Different colour beads may be detected on the surface by
each light sensitive element by illuminating the surface with
light of different colours. Hence, two, three, four or more
different colour beads can be detected by the surface by
illumination with different colour light. The surface may be
capable of providing an output for each colour bead/light
colour combination applied.

The light sensitive elements are able to convert the light
energy received into voltage which may then be converted
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into digital data. In this way, the surface comprising the
elements is itself capable of detecting the presence of a
molecule by detecting a bead attached to that molecule.
There is no need for external expensive equipment to be
employed to detect the presence of the signal or label
attached to the molecule. The surface itself is able to detect
the molecule.

As noted above, known CMOS or CCD detectors are
suitable for detecting the beads. For example, image chips of
the sort used in mobile phones can be used for detecting
beads in the method of the invention. Hence the surface of,
for example a CMOS or CCD image sensor may form the
surface used in the detection step of the invention.

The CMOS photodetector (or Active Pixel Sensor) has
been developed essentially for consumer camera applica-
tions e.g. in webcams or mobile phones. Two variants of this
detector are available, namely the bare die variant or a
variant with the die packaged with a protective glass and
bonded to pads that are connected to the external pads made
for soldering. The bare die variant may be used directly in
the present invention, whereas the packaged die variant
CMOS photodetector may be modified by removing the
glass lid. For both variants, it may be preferable to remove
the layers of microlenses and colour filters which usually
cover the pixels because the surface under the lenses and
filters is usually a layer of glass, which is preferable,
especially to avoid unspecific connection of beads. CMOS
or other photodetectors may be manufactured without the
additional microlens/filter layers present which are required
for use in mobile phones, for direct use in the present
invention. Hence, particularly adapted CMOS image chips
may be used in the invention.

Particularly, the surface may comprise at least 3 Mega-
pixels (2048x1536 light sensitive elements) or at least 4, 5,
6,7,8,9, 10, 11 or 12 Mpixels. Using standard deposition
processes, it may be possible to deposit polynucleotides
associated with at least 1, 5, 10, 15, 20, 25, 30, 35 or 37%
of the light sensitive elements. The light sensitive elements
or pixels present on an image chip are usually the same size,
although differences in size may occur. The pixels may be
for example in the range of 0.5x0.5 um to 10x10 um, for
example 1x1 pm, 2x2 pm, 3x3 pum, 4x4 pum, 5x5 um or 6x6
um and particularly, the pixels may be 1.75x1.75 pm or
3.2x3.2 um.

Modifications may additionally be made to the surface
e.g. to that of the image chips to assist in the attachment of
molecules to the surface. Particularly, the image chips may
be coated with gold or may be modified to have silane or
antidigoxigenin groups attached. The thickness of the layer
of gold which may be used is not critical provided that too
much light is not blocked from reaching the light sensitive
elements. For example, gold layers may range from 5 to 50
nm. Methods of modifying surfaces in such ways are known
in the art. Gold coating may be carried out by vacuum
deposition or by deposition from a highly concentrated gold
solution. Aminosilane modification of surfaces can be
achieved by for example incubating the surface with 5%
aminopropyltriethoxysilane (CAS:019-30-2) in dry acetone
for one hour at room temperature. Aminosilane surfaces can
be used as is, to add desired molecules directly, or can be
further modified by adding a bifunctional crosslinker, such
as m-maleididibenzoyl-N-hydroxysulfo-succinimide ester
in order to be able to bind molecules to the surface.
Antidigoxigenin modification is achieved by first priming
the surface with a poly-1 lysine solution (10% poly-1 lysine
v/v and 10% PBS), and then by adding antidigoxigenin
1:100 in Invitrogen CNBOO11 coating buffer A.
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Additionally, the surface may be equipped with a flow cell
which allows fluid flow to and from the surface. Hence, the
flow cell can be used to apply beads or bead labelled
bases/probes or unlabelled bases/probes. Further, the surface
may be arranged with a reader which is capable of detecting
and reading the signals from each of the sensory elements in
or on the surface. The output from each element may be
received by a computer. A flow cell may easily be made to
contain more than one chip, e.g. it may be produced with 64
image chips. In that case all the chips may be controlled
from the same control unit.

The shape of the surface may be additionally or alterna-
tively modified or adapted to assist the binding of beads to
the incorporated bases or probes or to assist the binding of
bead labelled bases/probes at each position or pixel and to
allow a sensitive and accurate method. Hence, the surface
may be modified or adapted, for example shaped, to allow
the binding of a bead at each position.

Therefore, the surface may be contoured to allow the
association or binding of a bead with each sensory (e.g. light
sensitive) element. Individual recesses may be associated
with or located by each sensory element or groups of sensory
elements which allow each bead to attach and to be asso-
ciated with a single or individual sensory element or group
of sensory elements on the surface. The recesses may allow
the bead to be positioned only over a single element and to
prevent movement of the bead over more than one sensory
element or group of sensory elements.

Alternatively, each sensory element or group of sensory
elements may be surrounded by a barrier to enable bead
attachment and association with only that sensory element or
group of sensory elements. Hence, barriers or obstacles may
be placed on the surface around the one or more sensory
elements.

A combination of recesses and barriers may also be used
on a surface. Typically, the sensory elements which will
have a polynucleotide attached thereto will be adapted to
have a recess or barrier associated therewith. One or more
elements on a surface may be adapted, although typically all
of the elements may be adapted e.g. to have recesses and/or
barriers associated therewith.

The adaptation of the surface in this way e.g. the use of
recesses and/or barriers allows a more sensitive and accurate
method and may allow longer polynucleotides to be
sequenced. Thus, the surface may be adapted to allow the
binding of a single bead at each position. Each sensory
element or sensory element group and its surrounding bar-
rier or recess may therefore be of a suitable size to bind an
individual bead. The sensory element and/or barrier/recess
may therefore be adapted to suit any particular bead size
used with the surface. The surface may be adapted using
techniques well known in the art.

In addition, to allow connection of target polynucleotides
to sensitive areas of the detector (e.g. for light or magnetism)
modifications may be necessary. This may be achieved for
example by lithographic methods, e.g. defining islands of a
gold layer which may connect to a thiol modification at one
end of the target anchorage to the surface or by defining
islands that are silanized.

Different polynucleotides may be sequenced simultane-
ously at different positions on the surface. To do so it will be
necessary to determine their position on the surface before
commencing sequencing. Alternatively, overlapping frag-
ments of a polynucleotide may be generated and placed
randomly at separate positions on the surface for sequenc-
ing. In this instance, it is not necessary to determine the
positions of each fragment on the surface prior to sequenc-
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ing since the overlapping sequences can be pieced together
after sequencing has been completed.

By way of example, the method may be put into practice
as follows. Firstly, target polynucleotide should be isolated
and prepared for sequencing The target polynucleotide
should then be attached to the solid support either directly or
indirectly as described hereinbefore. In an aqueous reaction
mix, the test complementary base and/or probes to be used
in the method (which may carry the bead) are added under
conditions which allow them to bind to the target polynucle-
otide. Enzymes necessary for achieving covalent binding
(e.g. ligases or polymerases) may be added simultaneously
or before or after the addition of the optionally bead labelled
test complementary base and/or probes. Alternatively
chemical ligation is performed. Once covalent binding has
been achieved, the complexes should be washed to remove
unbound bases and/or probes. Following this step either
bead detection (as described hereinbefore) may take place or
the bead may be added to label the complex. In the latter
case, beads carrying the relevant binding partner may be
added under conditions suitable for binding to occur
between the binding partners and the presence or absence of
bead may then be determined after washing to remove
unbound beads.

If beads are to be detected only on their release the
washing and bead binding steps may be performed without
detection. Release of the beads may be performed as
described hereinbefore, e.g. by chemical or enzymatic or
mechanical cleavage. In the case of ligation/cleavage
sequencing a cleavage reaction may be conducted by addi-
tion of a restriction enzyme. The released probe and/or bases
carrying the bead may be removed from the reaction mix and
the identity of the bead determined.

In instances in which only one type of bead and release
system is used, in the above steps only a single set of test
probes will be examined. In that case the steps should be
repeated by sequentially using each set of probes (which
would comprise 4 sets when a single base is to be deter-
mined per cycle or 16 sets when 2 bases are to be determined
per cycle and so on). Once all sets of probes have been used,
or the identity of the bases(s) has been determined, a cycle
of sequencing is considered completed. When more than one
set of probes are used in the above steps at one time, the
cycle may be completed by performing those steps only
enough times such that all sets are used, for example when
16 probe sets are to be used with 4 discriminating labels,
each set of steps may be performed 4 times in which the
binding of 4 probe sets is assessed each time the sequence
of steps is completed. Once the cycle is completed and the
one or more bases to be sequenced in that cycle has/have
been determined, the cycle may be repeated. Thus preferably
the methods as described hereinbefore include the steps of
adding the relevant enzyme, washing the complexes to
remove unbound enzyme, probes, bases or beads.

The invention will now be described by way of a non-
limiting Example with reference to the drawings in which:

FIG. 1 shows sequencing by synthesis using the method
of the invention. A polynucleotide (2) whose sequence is to
be determined is immobilised to a solid support (1) and
chain terminating bases (A, T, G and C) are sequentially
added to a reaction for chain extension using DNA poly-
merase. Hence, chain terminating A, T, G and C are added
separately. The complementary base, in this case A (3), is
incorporated into the polynucleotide and beads attached to a
linker (4) which will bind and is specific for the incorporated
base (through binding partners) are added. The bead label
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therefore attaches to the incorporated base and the base can
be detected by the presence of the bead.

FIG. 2 shows sequencing by ligase using the method of
the invention. A polynucleotide (DNA) whose sequence is to
be determined is immobilised to a solid support and bead
labelled probes are added to the polynucleotide which may
or may not be incorporated into the polynucleotide by ligase.
In this case, 7 bases in the probe are fully varied (degenerate)
and thus a probe set must be produced which is represen-
tative of all different combinations. Once a complementary
probe is added, it will be incorporated into the sequence by
ligase and will be able to be detected by the characteristics
of the bead attached to the probe.

FIG. 3 shows sequencing by stepwise ligation and cleav-
age using the method of the invention. Thus, a polynucle-
otide (DNA) whose sequence is to be determined is immo-
bilised to a solid support where the polynucleotide has a
protruding portion (AGC). Probes are produced which also
have a protruding portion (on the opposite strand to the
protruding portion of the polynucleotide), where the outer-
most base is known and the other 2 bases are degenerate.
The probes are labelled with 4 different beads, representing
one base each, and are added to the polynucleotide. The
probe with the complementary protruding portion to the
polynucleotide will be incorporated into the polynucleotide
using ligase. The incorporation of the probe and thus the
known base can be detected by the bead characteristics.
Once the bead label has been determined, the polynucle-
otide/probe complex can be cleaved at the positions shown
by the arrows using a nuclease. This cleaves the complex,
resulting in the removal of the terminal C residues in the
original polynucleotide and hence a one base shorter poly-
nucleotide which can then be subjected to further rounds of
ligation and cleavage of probes.

FIG. 4 shows a 3D printed unit to be placed upon a
packaged image chip to produce a flow cell.

FIG. 5 shows a cross-section of a flow cell placed upon a
“bare die” image chip glued and bonded to a printed circuit
board.

FIG. 6 shows a 3D picture of another flow cell, with better
fluid flow characteristics, placed upon a “bare die” image
chip glued and bonded to a printed circuit board.

FIG. 7 shows a schematic view of the complete system of
the image chip.

FIG. 8 shows the sequencing procedure described in
Example 1.

FIG. 9 shows the sequencing procedure described in
Example 1 in which multiple cleavage enzymes are used.

FIG. 10 shows a patterned glass surface prepared as
described in Example 3.

FIG. 11 shows a differential interference contrast micros-
copy image of a glass surface carrying magnetic beads
prepared as described in Example 3.

EXAMPLE 1
Sequencing by Sequential Ligation and Cleavage

Preparation of the Apparatus

A Micron MT9T001 (Aptina) 3 Mpixel CMOS digital
image sensor is soldered onto a printed circuit board (PCB)
and tested for functionality by connection to the Blackfin
microcontroller from Analog Devices a microcontroller
using the PPI (parallel peripheral interface).

After soldering to the PCB, the protective glass is care-
fully removed from the CMOS digital image sensor by a
diamond cutter, and the chip surface is cleaned by washing
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with pure ethanol. The microlenses and Bayer filters are
removed by exposing the inner chamber to acetone for 15
minutes. Thereafter the upper layer is removed by careful
scraping with a plastic toothpick.

Assembly of the Flow Cell

A flow-cell (FIG. 4) is produced from plastic by 3D
printing so that it fits with the size of the MT9T001 CMOS
digital image sensor and allows fluid flow to and from the
active surface through inlet and outlet (10) which can be
connected via flexible plastic tubes.

A thin layer of epoxy glue is distributed on the edge e.g.
by stamping it towards a thin layer of fluid glue. It is then
placed upon the chip, and the epoxy is allowed to harden.
For some of the chips, microlenses and Bayer filters are
removed at this stage. A resistor network together with an
NTC resistor used as temperature sensor is fitted into the
compartment before the cover glass is positioned. Electrical
connections to the control circuitry is through connectors
protruding through the cuts (14) in the flow cell.

A cover glass is placed on the top, covering both inner and
outer compartments, and the outer compartment is filled up
with epoxy glue through the inlet hole (12), letting air out
through the outlet hole (13). The inner compartment is
thereby sealed, and the outer area of the chip and all open
bonding wires are protected.

Chip Device Based on a Wafer (Bare Die)

The wafer is removed from the normal production line
before the Bayer filters and any other filters and lenses are
equipped. Alternatively these can be removed with NaOH
prior to further preparation. Any preparation to enhance the
polymer anchorage may now conveniently be performed,
e.g. metallisation, using a mask that protects the connection
islands. The wafer is tested and cut into chips in the normal
way (bare die). FIGS. 5 and 6 shows a chip device. The chip
(25) is connected to the board by gold wires through bonding
(15). The reaction chamber unit is placed on top of the chip.
It is then first glued to the chip, and the enclosed volume
containing the bonding connections is filled with epoxy
through the inlet (12) while air is let out at the outlet (13).

The reaction volume is connected to the fluid supply and
discharge units by plastic tubes (11). This may for small
series production be produced in one unit by transparent
plastic 3D printing, while for larger series, it may be
produced e.g. from one plastic sheet with cavities at both
sides and one flat, transparent sheet. The former may be
produced from a flat sheet by milling or through moulding.
Connection of Imaging Device to Controlling and Image
Collection Units:

The imaging device (17) is connected as shown in FIG. 7.
It is possible to capture images in the Blackfin control unit
(18) using hardware acceleration (direct memory access
from image chip to RAM). Clock signal to the image chip
could either be generated by a crystal or generated by
Blackfin. By using the uClinux distribution, the test program
ppifcd_test which is distributed with the package, it is
possible to capture to a RAM-disk file. This is described in
the uClinux wiki found at the following link: http:/
docs.blackfin.uclinux.org/doku.php?id=frame_capture_
device. A copy of the text at this link is found as Appendix
1, but modified to remove non-functional links.

This file can then be transferred to a computer (19) over
a network (if using a development board with an ethernet
controller) by using NFS; tftp, ftp etc. or using USB.
Connection of Imaging Device to Fluid Supply Units:

The imaging device (17) is further connected to the fluid
supply units as shown in FIG. 7. The fluid supply consists of
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a number of separate fluid containers (20) each equipped
with its own motor controlled syringe to drive the fluid
through the tubing (21) to the manifold (22) and further to
the imaging device (17). Used fluid is discharged into a
container.

Silanization of Image Chip:

The surface is functionalized by soaking the chip in
NaOH (1 M) for 1 hour, rinsing with water and drying under
a stream of nitrogen gas. To produce a negatively charged
surface this procedure is repeated using HCI (1 M) instead
of NaOH. For silanisation the image chip is covered in a 5%
solution (volume/volume) (3-Aminopropyl)triethoxysilane
(CAS: 919-30-2) in dry acetone, 1 hr RT. The image chip is
then washed three times with acetone using 5 minutes
incubation times. Then the chip is rinsed in ethanol and
subsequently dried under N, gas. Crosslinking is performed
by incubating the image chip for 5 hours in a solution of the
heterobifunctional linker m-Maleimidobenzoyl-N-hydroxy-
sulfosuccinimide ester (s-MBS) (20 mM) in PBS (0.1 M
NaH,PO,, 0.15 M NaCl, (pH 7.2)). The image chip is then
washed in PBS, immersed in deionized water, then in
ethanol and finally dried in a nitrogen stream.

Preparation and Attachment of Anchorage DNA to Image
Chip

The DNA to be sequenced is to be ligated to an anchorage
DNA on the chip surface. The anchorage DNA is bound to
the chip through a covalent bond. An anchorage DNA might
be prepared by annealing two oligonucleotides that form a
double stranded DNA molecule containing thiol in one end,
and where the other end is sticky. (It might also be formed
by PCR-amplification of a part of a suitable plasmid where
one of the primers is 5'-thiolated. The sticky end will then be
obtained using a restriction enzyme.) To activate the 5' thiol,
the disulfide linkage (S—S) needs to be reduced into free
thiol (H—S). This is achieved by incubating the prepared
anchorage DNA for 2 hours in the reducing agent Tris(2-
carboxyethyl)phosphine hydrochloride (TCEP) (10 mM) in
Tris-HC1 (0.1 M, pH 7.5). The anchorage DNA is then
purified by a Biospin30 column (Bio-Rad) according to
instruction manual by eluting DNA with NaPi buffer
(NaH,PO, (0.1 M, pH 6.5), NaCl (0.15 M)). Then the
anchorage DNA is diluted in NaPi buffer to a final concen-
tration of 0.01 pM. The reduced and purified anchorage
DNA is immediately applied to the image chip and incu-
bated for 5 hours in a humid environment. The image chip
is then flushed with NaPi, blocked for 1 h in Mercaptoetha-
nol (10 mM) in NaPi, and again rinsed with NaPi. It is then
flushed with a solution of NaCl (1.5 M) in NaH,PO, (10
mM, pH 7.0), and incubated with this solution for five
minutes to eliminate non-specific attachment of polynucle-
otides to the chip surface. Thereafter it is flushed with
5xSSC (0.075 M sodium citrate, 0.75 M NaCl (pH 7.0)) with
0.1% Tween20, with just 5xSSC, and stored in 5xSSC at 4°
C. until further use.

Sequencing by Sequential Ligation and Cutting

Beads:

Streptavidin coated 2.8 um@paramagnetic beads.

Probes:

Four different mixes of probes, consisting of 34 base pairs
with a 5' end protruding 3 base overhang at one end and
multiple biotins at the other end. One base is held constant
in each probe mix (A, C, G, and T), the other bases of the
overhang are totally varied. The base chosen to be fixed is
the one closest to the ligation point. The 5' ends of the probes
does not contain phosphate to avoid ligation between two
probes.
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Preparation of Targets and Beads for Sequencing:

To ensure that the recognition sequence of the restriction
enzyme used in the sequencing reaction (Earl in FIG. 8) is
not present in the DN A to be sequenced, a cleaving step with
the enzyme is performed. Then the DNA is sheared into
fragments in a nebulizer or a HydroShear device set to an
average length of 3000 base pairs. The size distribution may
be narrowed by separating the DNA on an agarose gel
followed by purification of the fragments of the wanted
length. Single stranded nicks in the DNA obtained during the
shearing process is repaired using T4 DNA ligase. A DNA
polymerase is used to fill in or remove the overhangs (e.g.
DNA polymerase I, Large (Klenow) fragment).

The target is illustrated as the fragment marked 31 in FIG.
8. The adapter 32 is the anchorage adapter. Adapter 33 is
needed for subsequent ligation to the sequencing probe in
the first sequencing step. If these adapters are of approx. the
same length, they are supplied in the same amount. Adapter
32 contains a region which is complementary to the sticky
ends of the anchorage DNA on the solid support, and hence
can be ligated to these. Adapter 33 contains the restriction
site (hatched area) used to remove the beads connected to
biotin (open circle) and is long enough to allow enzymes to
operate close to the bead.

The beads are prepared as described in the product guide
from Dynal using the procedure “Immobilization of nucleic
acids”

The further procedure is as follows, with reference to FIG.
8.

Ligate Adapters to Target:

The two adapters (32 and 33) are ligated to target DNA by
a 2-step ligation. First, one adapter is supplied in excess,
together with 400 cohesive units (U) of T4 DNA ligase.
Ligation takes place at 25° C. for 2 hours. The ligation
products are then purified using PCR-purification, which
will remove the non-ligated adapter fragments due to their
small size. After purification, the other adapter is supplied in
excess, together with 400 cohesive units (U) T4 DNA ligase.
In addition to the wanted product 32-31-33, the products
32-31-32, 33-31-33 and some self-ligated target DNA will
appear. The 32-31-32 and the 33-31-33 products are not
detrimental in the method, as they will associate only with
the image chip or with the bead, respectively. The self-
ligated target DNA will not associate with chip or bead.

If however the two adapters linked together (32-33) are
small enough to be removed by PCR-purification, only 1
ligation is necessary, and is carried out by adding both
adapters in excess in a proportion that makes them ligate to
31 with the same probability as described below.

The two adapters are supplied in excess, together with 400
cohesive units (U) T4 DNA ligase, in a proportion that
makes them ligate to 31 with the same probability. Ligation
takes place at 25° C. for 2 hours. In addition to the wanted
product 32-31-33, a lot of 32-33 ligation products (the two
adapters ligated together), the products 32-31-32 and 33-31-
33 appear, together with self-ligated target DNA. The prod-
uct 32-33 and self-ligated target DNA are removed by
separation on an agarose gel followed by DNA purification.
The 32-31-32 and the 33-31-33 products are not detrimental
in the method, as discussed above.

Add Product to Image Chip:

A small part of the resulting product mixture is added to
the assembled flow cell together with 400 U of T4 DNA
ligase.

Ligate Product to Anchorage DNA on Image Chip:

32-31-33 products are ligated to the sticky ends of the
anchorage DNA (34 in FIG. 8) that are prepared in excess in
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the pixel windows. Ligation takes place at 25° C. for 10
minutes. Afterwards the non-reacted molecules and enzymes
are washed away with buffer suitable for bead binding.

Add and Detect Streptavidin Coated Beads:

Approx 2x10° beads are added and incubated for 30
minutes. The assembled flow cell is gently shaken for 5
seconds each minute. All unbound beads are removed by
careful washing. An image of the beads is registered while
an upward magnetic field is applied to stabilize the beads

Check Bead Density:

The image is inspected to see that between 5 and 10% of
the pixels have a bead positioned to give a shadow on
primarily one pixel. If too few beads are present, the
procedure is repeated from “Add product to image chip”.

Cleave Using Earl, Remove Beads with Cleaved Frag-
ment:

Washing is performed with restriction enzyme buffer and
then 1 U of nuclease Fast Digest (FD) Earl (Fermentas) is
added in its reaction buffer and cleaving occurs in 5 minutes
at 37° C. The nuclease and the beads connected to the
released fragments are washed away with buffer appropriate
for T4 DNA ligase. An image of the remaining beads is
registered while an upward magnetic field is applied.

This method may also be performed in which a different
restriction enzyme specific for the adapter is used. In this
case washing is performed with restriction enzyme buffer
and then an appropriate amount of restriction enzyme is
added in its reaction buffer and cleaving occurs until most
probes have been cut. The nuclease and the beads connected
to the released fragments are washed as above. An image of
the remaining beads is registered as above.

Sequencing by Sequential Ligation and Cutting

Add One of the 4 Probe Mixes:

Probes of type A (35) are added together with 400 U of T4
DNA ligase and its reaction buffer.

Ligate Matching Probe:

The matching probe is allowed to anneal and ligate to the
cleaved fragment during an incubation at 25° C. for 10
minutes. The ligase together with unbound probes are
washed away with reaction buffer suitable for bead binding.

Add and Detect Streptavidin Coated Beads:

Beads are added and an image is registered as explained
above.

Release Sequencing Beads, Register for Verification:

The procedure described earlier as “Cleave using Earl,
remove beads with cleaved fragment” is followed.

The steps are repeated, each time adding a different (C, G
or T, and then A again) probe type. This is performed
repeatedly, until the number of beads registered in each
cycle is drastically reduced or the anchor sequence is read in
most of the pixels, indicating that most of the target reading
has been completed.

The sequencing method according to the invention may
be performed using multiple cleavage enzymes in the step-
wise ligation and cleavage method. This method is per-
formed as follows. The protocol which is used is illustrated
in FIG. 9.

Four different mixes of probes are used as described
above in which each probe mix has a restriction site for a
different restriction enzyme. The adapter (33) has one of
these restriction sites. The method proceeds as follows:
Sequencing by Sequential Ligation and Cutting

Add One of the 4 Probe Mixes:

Probes are added together with 400 U of T4 DNA ligase
and its reaction buffer.
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Ligate Matching Probe:

The matching probe is allowed to anneal and ligate to the
cleaved fragment during an incubation at 25° C. for 10
minutes. The ligase together with unbound probes are
washed away with reaction buffer suitable for bead binding.

Add and Detect Streptavidin Coated Beads:

Beads are added and an image is registered as explained
above.

Release Sequencing Beads:

Restriction enzyme recognizing 1 of the 4 probe mixes is
added. After the enzyme reaction is completed, the enzyme
and released probe is washed away, and an image of the
remaining beads is registered while an upward magnetic
field is applied. Then, this step is repeated by adding
restriction enzymes that recognize probe mix 2, 3 and 4
respectively, one by one.

The steps are repeated from addition of probe mix until
the number of beads registered in each cycle is drastically
reduced or the anchor sequence is read in most of the pixels,
indicating that most of the target reading has been com-
pleted.

EXAMPLE 2

Procedure for Surface Modification of Image Chip
by Silanisation Using APTES and Crosslinking
with Glutaraldehyde

This procedure is an alternative way of silanising the chip
surface. The procedure is a modification of those of How-
arter et al (2006, Langmuir, 22, p 11142-11147), Aksyonov
et al (Anal. Biochem., 2006, 348, p 127-138), and Wang et
al (J. Agric. Food Chem., 2007, 55, p 10509-10516). DNA
with 5'-amine groups can bind to the aldehyde groups of the
cross linker, and the amine group can be made a part of the
anchorage DNA in the same way as the 5'-thiol group was
attached to the anchorage DNA in Example 1.

1. Soak the chip in a solution of 1 M NaOH for 1 hour.

2. Rinse the chip thoroughly with deionized water and dry
under a stream of nitrogen.

3. Treat the chip with 1 M HCI solution for 1 h to create
a negatively charged surface.

4. Rinse the chip thoroughly with deionized water and dry
under a stream of nitrogen

5. Move the chip to a glove box, with humidity and
oxygen levels at 0.1 ppm Treat the chip with a solution
of 5% (3-Aminopropyl)tricthoxysilane (APTES) in
anhydrous toluene for 1 h.

6. Rinse with anhydrous toluene.

7. Move the chip to normal atmosphere, and rinse with
methanol and thereafter with deionized water. Incubate
in deionized water for 24 hours in order to fully
hydrolyze the APTES molecules on the chip.

8. Dry the chip under nitrogen.

9. Bake at ~120° C. for 1 h.

10. For crosslinking: Immerse the chip in 5% glutaralde-
hyde in a 10x phosphate-buffered saline (PBS) solution
overnight.

11. Wash with deionized water and dry under a stream of
nitrogen.

12. After being dried, the aldehyde-modified glass slides
can be stored in a dark place at 4° C.
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APPENDIX 1

PPI Frame Capture Device

The PPI frame capture device (PPIFCD) is a CMOS
camera that connects to a Blackfin via the parallel peripheral
interface. It is intended to only capture single frames.
Currently two camera sensors are supported.

See here: v41_blackfin_camera for an v41 video driver
supporting several sensors.
Micron MT9T001

The PPIFCD can be built using a Micron MT9TO001. It
uses the standard Inter-IC Bus and the programmable flags
to control the camera (e.g., to take out of standby mode,
etc.).

Programs that Use the PPIFCD
ppifcd_Test

The PPIFCD Frame Capture Driver test application aims
to see if the digital image sensor can take pictures effectively
which is connected through the PPI port to the target board.
It records the row_time, total_frame_time, total_frame_cap-
ture_time, and the taken picture. If the printed data is as
expected, the case passes, otherwise it fails.
fed

This program serves CGI-based web pages that allow the
user to specify settings, capture frames, and verify the
overall operation of the camera.

Configuring the uClinux Kernel

The Blackfin PPI supports a number of daughter cards, the
PPIFCD being one. However, the PPI Driver will conflict
with the PPI Camera frame capture driver if both are
enabled. You will see this in the kernel log (i.e., dmesg)
when the PPI drivers try to register the same major number
for the char device.

Below are some configuration settings for the BF533 and
BF537 STAMP boards. To get either of the programs men-
tioned above built, specity the following:

under Customize. Vendor/User Settings

==Select Blackfin test programs—
Enable PPIFCD test program

==Select Blackfin app programs=—

Enable CGI based Test Application for the PPI Frame
Capture Driver

BF533-STAMP Board

As described here, the BF533-STAMP board is known to
work with the PPIFCD with the following settings:

under Customize Kernel Settings
=Select Device Drivers=—
==Select Character devices—
Enable [*] Blackfin BF53x Programmable Flags Driver

Enable [*] Blackfin BF5xx PPl Camera frame capture
driver

[ ] Blackfin BF5xx PPI Driver
=Select 12C support==
Enable 12C support
Enable 12C device interface
Select 12C Hardware Bus support

Enable Generic Blackfin and HHBF533/561 develop-
ment board 12C support

Select BFIN 12C SDA/SCL Selection
set (2) SDA is PF[0:15]
set (1) SCL is PF[0:15]
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BF537-STAMP Board
The BF537 has a built-in two wire interface peripheral
and unlike the BF333 does not require the generic 12C
support.
under Customize Kernel Settings
=Select Device Drivers=—
=Select Character devices=—
Enable [*] Blackfin BF53x Programmable Flags Driver
Enable [*] Blackfin BFSxx PPl Camera frame capture
driver
[ ] Blackfin BF5xx PPI Driver
=Select 12C support=—
Enable 12C support
Enable 12C device interface
Select 12C Hardware Bus support
Enable Blackfin TWI 12C support

EXAMPLE 3

Patterned Silanisation by Chemical Vapour
Deposition and Photolithography

This was performed on a glass surface similar to the
surface of the chip. Glass slides were used for this method.
The glass surface was first cleansed with acetone followed
quickly by isopropanol, before the acetone dried off, and the
isopropanol was dried off with nitrogen. The substrate was
then cleansed thoroughly with oxygen plasma treatment, in
a Femto from Diener, for 1 minute in 100% oxygen flow and
100% power.

Patterning

The thoroughly cleansed substrate was placed on a spin
coater, and enough positive resist SPR-700 (approximately
0.25 ml) was placed upon the surface and spun on with the
parameters 2000 RPM, 250 RPM/s for 90 seconds. The edge
bead was removed manually and the substrate was soft
baked at 95° C. for 60 seconds. The substrate was then
exposed to UV-light through a mask, for making a pattern,
with 215 w/cm?. Post exposure bake was performed for 60
seconds at 115° C. The glass surface was then washed in
developer MF 26-A, a metal ion free developer for Micropo-
sit S1800 G2 series and SPR700 series. The surface had
square islands of visible glass surface, see FIG. 10.
Chemical Vapour Deposition of 3-glycidoxypropylt-
rimethoxysilane

The substrate was treated with plasma for 2 minutes in
100% oxygen gas flow and 100% power. The treated area
had reactive oxygen groups, and was placed in a desiccator
with 0.2 ml 3-glycidoxypropyltrimethoxysilane (GOPS) in a
container. The pressure was reduced using a Veeco vacuum
pump or central vacuum line. The substrate was incubated in
low pressure, to ensure chemical vapour deposition of
GOPS on the patterned square islands, for at least 2.5 hours.
The patterned area on the glass slide was scribed and a
lift-off process was then performed to remove silane groups
from the glass surface, except on the islands. The resist was
dissolved in an acetone bath for 3-4 minutes while vigor-
ously rotating the container, and then moved to an isopro-
panol bath for 10 seconds and dried with nitrogen.
Immobilisation of DNA

A drop (20-30 ml) of PCR-product with a biotin end was
placed on the patterned area and incubated at room tem-
perature in a humid atmosphere for at least 7 hours. After the
incubation, the substrate was washed in PBS-T, then in PBS
and then in distilled water. After the washing the substrate
was placed in Tris-HCI buffer (0.05M), pH 9.0 containing
SDS (0.1%) and ethanolamine (50 mM) and incubated for at
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least 8 hours at 37° C. in a humid atmosphere. This avoids
unspecific binding of streptavidin coupled magnetic beads.
This incubation was followed by another incubation step
with PBS containing 5% Bovine serum albumin. This was
performed to block the surface area. 5
Detection with Differential Interference Contrast Micros-
copy

Approximately 10 ml of streptavidin coupled magnetic
beads, Dynabeads® M-270 Streptavidin, were prepared as
suggested by the Invitrogen manual. Approximately 30-40 10
ml were placed upon the scribed area on the glass surface
and incubated on a rotating table at 50 RPM for 20 minutes

42

at room temperature. The substrate was then placed in a bind
& wash (B&W: 10 mM Tris-HCI (pH 7.5), 1 mM EDTA, 2
M NaCl) solution and rotated at 80 RPM at room tempera-
ture for 1-2 minutes. The last step was repeated, and then the
substrate was washed twice at 100 RPM at room tempera-
ture in a Panhorst solution (50 mM Na,HPO,, 10 mM
Tris-Base, 5 mM EDTA, 0.1% SDS, 0.01% Lauroylsar-
cosine, 0.01% Tween 20, 0.01% Triton X100, 0.1 M NaCl,
0.5% PEG 4000, pH adjusted to 8.5 with acetic acid). The
substrate was then placed in Tris-HCI buffer and examined
with a differential interference contrast microscope. See
FIG. 11 for results.

SEQUENCE LISTING

<160> NUMBER OF SEQ ID NOS: 36
<210>
<211>
<212>
<213>
<220>
<223>

SEQ ID NO 1
LENGTH: 11
TYPE: DNA
ORGANISM: Artificial Sequence
FEATURE:

OTHER INFORMATION:

<400> SEQUENCE: 1

tccatgecaag ¢

<210>
<211>
<212>
<213>
<220>
<223>

SEQ ID NO 2
LENGTH: 15
TYPE: DNA
ORGANISM: Artificial Sequence
FEATURE:

OTHER INFORMATION:

<400> SEQUENCE: 2

tccatgecaag cgatt

<210>
<211>
<212>
<213>
<220>
<223>

SEQ ID NO 3
LENGTH: 13
TYPE: DNA
ORGANISM: Artificial Sequence
FEATURE:

OTHER INFORMATION:

<400> SEQUENCE: 3

aggtacgtte get

<210>
<211>
<212>
<213>
<220>
<223>

SEQ ID NO 4
LENGTH: 12
TYPE: DNA
ORGANISM: Artificial Sequence
FEATURE:

OTHER INFORMATION:

<400> SEQUENCE: 4

aggtacgtte gc

<210>
<211>
<212>
<213>
<220>
<223>

SEQ ID NO 5
LENGTH: 15
TYPE: DNA
ORGANISM: Artificial Sequence
FEATURE:

OTHER INFORMATION:

<400> SEQUENCE: 5

tccatgecaag cgagce

chemically-synthesized oligonucleotide

11

chemically-synthesized oligonucleotide

15

chemically-synthesized oligonucleotide

13

chemically-synthesized oligonucleotide

12

chemically-synthesized oligonucleotide

15
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-continued

44

<210> SEQ ID NO 6

<211> LENGTH: 14

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

<223> OTHER INFORMATION: chemically-synthesized oligonucleotide

<400> SEQUENCE: 6

tcggaagagyg cage

<210> SEQ ID NO 7

<211> LENGTH: 11

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

<223> OTHER INFORMATION: chemically-synthesized oligonucleotide

<400> SEQUENCE: 7

ctteteegte g

<210> SEQ ID NO 8

<211> LENGTH: 26

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

<223> OTHER INFORMATION: chemically-synthesized oligonucleotide

<400> SEQUENCE: 8

aggtacgtte gctcggaaga ggcagce

<210> SEQ ID NO 9

<211> LENGTH: 26

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

<223> OTHER INFORMATION: chemically-synthesized oligonucleotide

<400> SEQUENCE: 9

tccatgcaag cgagecttet cegteg

<210> SEQ ID NO 10

<211> LENGTH: 17

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

<223> OTHER INFORMATION: chemically-synthesized oligonucleotide

<400> SEQUENCE: 10

cgtagegeceg cgtegge

<210> SEQ ID NO 11

<211> LENGTH: 23

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

<223> OTHER INFORMATION: chemically-synthesized oligonucleotide

<400> SEQUENCE: 11

ggcgcacgte gtgaagasge age

<210> SEQ ID NO 12

<211> LENGTH: 23

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

<223> OTHER INFORMATION: chemically-synthesized oligonucleotide

14

11

26

26

17

23
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<400> SEQUENCE: 12

ccgegtgeag cacttetscg teg

<210> SEQ ID NO 13

<211> LENGTH: 39

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

<223> OTHER INFORMATION: chemically-synthesized oligonucleotide
<220> FEATURE:

<221> NAME/KEY: misc_feature

<222> LOCATION: (12)..(15)

<223> OTHER INFORMATION: n is a, ¢, g, or t

<400> SEQUENCE: 13

gegeageegt gnnnneggeg cacgtegtga agasgcage

<210> SEQ ID NO 14

<211> LENGTH: 47

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

<223> OTHER INFORMATION: chemically-synthesized oligonucleotide
<220> FEATURE:

<221> NAME/KEY: misc_feature

<222> LOCATION: (20)..(23)

<223> OTHER INFORMATION: n is a, ¢, g, or t

<400> SEQUENCE: 14

cgtagegeeg cgtceggeacn nnngccgegt geageactte tscgteg

<210> SEQ ID NO 15

<211> LENGTH: 13

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

<223> OTHER INFORMATION: chemically-synthesized oligonucleotide

<400> SEQUENCE: 15

aggtcgcate geg

<210> SEQ ID NO 16

<211> LENGTH: 52

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

<223> OTHER INFORMATION: chemically-synthesized oligonucleotide
<220> FEATURE:

<221> NAME/KEY: misc_feature

<222> LOCATION: (25)..(28)

<223> OTHER INFORMATION: n is a, ¢, g, or t

<400> SEQUENCE: 16

aggtcgcate geggegeage cgtgnnnneg gegcacgteg tgaagasgca gce

<210> SEQ ID NO 17

<211> LENGTH: 52

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

<223> OTHER INFORMATION: chemically-synthesized oligonucleotide
<220> FEATURE:

<221> NAME/KEY: misc_feature

<222> LOCATION: (25)..(28)

<223> OTHER INFORMATION: n is a, ¢, g, or t

<400> SEQUENCE: 17

tccagegtag cgccgegteg gecacnnnnge cgegtgeage acttcetsegt cg

23

39

47

13

52

52
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48

<210> SEQ ID NO 18

<211> LENGTH: 37

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

<223> OTHER INFORMATION: chemically-synthesized oligonucleotide
<220> FEATURE:

<221> NAME/KEY: misc_feature

<222> LOCATION: (25)..(28)

<223> OTHER INFORMATION: n is a, ¢, g, or t

<400> SEQUENCE: 18

aggtcgcate geggegeage cgtgnnnneg gegeacg

<210> SEQ ID NO 19

<211> LENGTH: 40

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

<223> OTHER INFORMATION: chemically-synthesized oligonucleotide
<220> FEATURE:

<221> NAME/KEY: misc_feature

<222> LOCATION: (25)..(28)

<223> OTHER INFORMATION: n is a, ¢, g, or t

<400> SEQUENCE: 19

tccagegtag cgccgegteg gecacnnnnge cgegtgeage

<210> SEQ ID NO 20

<211> LENGTH: 14

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

<223> OTHER INFORMATION: chemically-synthesized oligonucleotide
<220> FEATURE:

<221> NAME/KEY: misc_feature

<222> LOCATION: (2)..(3)

<223> OTHER INFORMATION: n is a, ¢, g, or t

<400> SEQUENCE: 20

tnngaagagyg cagc

<210> SEQ ID NO 21

<211> LENGTH: 11

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

<223> OTHER INFORMATION: chemically-synthesized oligonucleotide

<400> SEQUENCE: 21

ctteteegte g

<210> SEQ ID NO 22

<211> LENGTH: 51

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

<223> OTHER INFORMATION: chemically-synthesized oligonucleotide
<220> FEATURE:

<221> NAME/KEY: misc_feature

<222> LOCATION: (25)..(28)

<223> OTHER INFORMATION: n is a, ¢, g, or t

<400> SEQUENCE: 22

aggtcgcate geggegeage cgtgnnnneg gegcacgteg gaagasgcag ¢

<210> SEQ ID NO 23

37

40

14

11

51
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<211> LENGTH: 51

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

<223> OTHER INFORMATION: chemically-synthesized oligonucleotide
<220> FEATURE:

<221> NAME/KEY: misc_feature

<222> LOCATION: (25)..(28)

<223> OTHER INFORMATION: n is a, ¢, g, or t

<400> SEQUENCE: 23

tccagegtag cgccgegteg geacnnnnge cgegtgcage cttetscgte g

<210> SEQ ID NO 24

<211> LENGTH: 36

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

<223> OTHER INFORMATION: chemically-synthesized oligonucleotide
<220> FEATURE:

<221> NAME/KEY: misc_feature

<222> LOCATION: (25)..(28)

<223> OTHER INFORMATION: n is a, ¢, g, or t

<400> SEQUENCE: 24

aggtcgcate geggegcage cgtgnnnneg gegeac

<210> SEQ ID NO 25

<211> LENGTH: 39

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

<223> OTHER INFORMATION: chemically-synthesized oligonucleotide
<220> FEATURE:

<221> NAME/KEY: misc_feature

<222> LOCATION: (25)..(28)

<223> OTHER INFORMATION: n is a, ¢, g, or t

<400> SEQUENCE: 25

tccagegtag cgccgegteg geacnnnnge cgegtgeag

<210> SEQ ID NO 26

<211> LENGTH: 16

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

<223> OTHER INFORMATION: chemically-synthesized oligonucleotide
<220> FEATURE:

<221> NAME/KEY: misc_feature

<222> LOCATION: (2)..(4)

<223> OTHER INFORMATION: n is a, ¢, g, or t

<400> SEQUENCE: 26

cnnntgaaga cgcage

<210> SEQ ID NO 27

<211> LENGTH: 12

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

<223> OTHER INFORMATION: chemically-synthesized oligonucleotide

<400> SEQUENCE: 27
acttctgegt cg
<210> SEQ ID NO 28
<211> LENGTH: 16

<212> TYPE: DNA
<213> ORGANISM: Artificial Sequence

51

36

39

16

12



US 9,447,465 B2
51

-continued

52

<220> FEATURE:

<223> OTHER INFORMATION:

<220> FEATURE:

chemically-synthesized oligonucleotide

<221> NAME/KEY: misc_feature

<222> LOCATION:

(2) ..

(4)

<223> OTHER INFORMATION:

<400> SEQUENCE:
gnnnggtcte gcage
<210> SEQ ID NO

<211> LENGTH: 12
<212> TYPE: DNA

28

t

29

n is a, ¢, g, or t

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

<223> OTHER INFORMATION:

<400> SEQUENCE:
ccagagegte ga
<210> SEQ ID NO

<211> LENGTH: 17
<212> TYPE: DNA

29

30

chemically-synthesized oligonucleotide

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

<223> OTHER INFORMATION:

<220> FEATURE:

chemically-synthesized oligonucleotide

<221> NAME/KEY: misc_feature

<222> LOCATION:

(2) ..

(4)

<223> OTHER INFORMATION:

<400> SEQUENCE:
annntgccac ctgeg
<210> SEQ ID NO

<211> LENGTH: 13
<212> TYPE: DNA

30

ca

31

n is a, ¢, g, or t

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

<223> OTHER INFORMATION:

<400> SEQUENCE:

acggtggacyg cgt

<210> SEQ ID NO
<211> LENGTH: 16
<212> TYPE: DNA

31

32

chemically-synthesized oligonucleotide

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

<223> OTHER INFORMATION:

<220> FEATURE:

chemically-synthesized oligonucleotide

<221> NAME/KEY: misc_feature

<222> LOCATION:

<400> SEQUENCE:

tnnnegtete gcage

<210> SEQ ID NO

<211> LENGTH: 12
<212> TYPE: DNA

(2) ..
<223> OTHER INFORMATION:

32

t

33

(4)

n is a, ¢, g, or t

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

<223> OTHER INFORMATION:

<400> SEQUENCE:

gcagagegte ga

33

chemically-synthesized oligonucleotide

16

12
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-continued

<210>
<211>
<212>
<213>
<220>
<223>
<220>
<221>
<222>
<223>

SEQ ID NO 34

LENGTH: 35

TYPE: DNA

ORGANISM: Artificial Sequence
FEATURE:

OTHER INFORMATION:
FEATURE:

NAME/KEY: misc_feature
LOCATION: (25)..(28)

OTHER INFORMATION: n is a, or t

¢, 9,

<400> SEQUENCE: 34

aggtcgcate geggegeage cgtgnnnneg gegea

<210>
<211>
<212>
<213>
<220>
<223>
<220>
<221>
<222>
<223>

SEQ ID NO 35

LENGTH: 34

TYPE: DNA

ORGANISM: Artificial Sequence
FEATURE:

OTHER INFORMATION:
FEATURE:

NAME/KEY: misc_feature
LOCATION: (25)..(28)

OTHER INFORMATION: n is a, or t

¢, 9,

<400> SEQUENCE: 35

aggtcgcate geggegcage cgtgnnnneg gege

<210>
<211>
<212>
<213>
<220>
<223>
<220>
<221>
<222>
<223>

SEQ ID NO 36

LENGTH: 38

TYPE: DNA

ORGANISM: Artificial Sequence
FEATURE:

OTHER INFORMATION:
FEATURE:

NAME/KEY: misc_feature
LOCATION: (25)..(28)

OTHER INFORMATION: n is a, or t

¢, 9,

<400> SEQUENCE: 36

tccagegtag cgccgegteg gecacnnnnge cgegtgea

chemically-synthesized oligonucleotide

35

chemically-synthesized oligonucleotide

34

chemically-synthesized oligonucleotide

38

The invention claimed is:

1. A method for determining a nucleotide sequence of a
single polynucleotide immobilised on a solid support com-
prising the steps of:

(1) contacting said polynucleotide with at least one test
complementary base and/or at least one probe compris-
ing a portion which may be complementary to one or
more bases in said polynucleotide to which a bead is
attached or to which a first binding partner of a binding
pair is attached and covalently binding said test
complementary base and/or probe to said polynucle-
otide when said test complementary base and/or portion
of said test complementary probe is complementary to
said one or more bases in said polynucleotide;

(i1) when a binding partner is attached to said test comple-
mentary base and/or probe, binding a bead attached to
a second binding partner of said binding pair to said test
complementary base and/or probe to which said first
binding partner is attached through said binding pair;

(iii) optionally repeating steps (i), or (i) and (i), with at
least one different test complementary base and/or
probe until a test base which is complementary and/or
a test probe which has a portion which is complemen-
tary to said one or more bases has bound to said
polynucleotide;

45
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(iv) determining which test complementary base and/or
complementary portion of the test probe bound to said
one or more bases of the polynucleotide by determining
whether said bead attached to said test complementary
base and/or probe bound to said polynucleotide during
steps (1) to (iii) to identify said one or more bases of the
polynucleotide; and

(v) removing said bead if not removed during step (iv);

wherein each cycle of steps (i) to (v) is performed one or
more times and in each cycle one or more bases of said
sequence are identified, and wherein binding of said
bead to said polynucleotide during steps (i) to (iii) is
detected using an apparatus comprising a surface pro-
vided with one or more light-sensitive elements, and
said detection is by detecting light changes resulting
from the bead blocking light from reaching the one or
more light-sensitive elements.

2. A method as claimed in claim 1 wherein at least two

cycles are performed.

3. The method as claimed in claim 1 wherein the covalent
binding of the complementary base and/or the probe is by
ligation or polymerisation.

4. The method as claimed in claim 1 wherein the method
is one of sequencing by synthesis, sequencing by ligation or
sequencing by stepwise ligation and cleavage.
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5. The method as claimed in claim 1 wherein said method

comprises the steps of:

(1) contacting said polynucleotide with at least one test
probe comprising a portion which may be complemen-
tary to one or more bases in said polynucleotide, and 5
optionally at least one test complementary base which
may be complementary to a base in said polynucle-
otide, to either of which a bead is attached or to which
a first binding partner of a binding pair is attached, and
covalently binding said test complementary base and/or
probe to said polynucleotide when said test comple-
mentary base and/or portion of said test complementary
probe is complementary to said one or more bases in
said polynucleotide by ligation of said probe to said
polynucleotide;

(i1) when a binding partner is attached to said test comple-
mentary base and/or probe, binding a bead attached to
a second binding partner of said binding pair to said test
complementary base and/or probe to which said first
binding partner is attached through said binding pair;

(iii) optionally repeating steps (i), or (i) and (i), with at
least one different test complementary base and/or
probe until a test base which is complementary and/or
a test probe which has a portion which is complemen-
tary to said one or more bases has bound to said
polynucleotide;

(iv) after each step (i), or (i) and (ii), or after step (iii)
adding an enzyme capable of removing said bead by a
cleavage reaction which removes at least part of the test
probe and at least one base of the polynucleotide being
sequenced if said test probe bound to said polynucle-
otide and;

(v) determining which test complementary base and/or
complementary portion of the test probe bound to said
one or more bases of the polynucleotide by determining
whether said bead attached to said test complementary
base and/or probe bound to said polynucleotide during
steps (1) to (iii) to identify said one or more bases of the
polynucleotide;

wherein each cycle of steps (i) to (v) is performed one or
more times and in each cycle one or more bases of said
sequence are identified.

6. The method of claim 5 wherein said enzyme is a

10
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nuclease which has a cleavage site separate from its recog-
nition site and said test probe contains a recognition site for
said nuclease.

45

7. The method as claimed in claim 6 wherein said enzyme

is restriction enzyme.

56

8. The method as claimed in claim 1 wherein in step (iv)
multiple enzymes each capable of removing a bead from a
different test complementary probe are used sequentially.

9. The method as claimed in claim 1 wherein determining
step (iv) or (v) comprises determining the presence, absence
or level of signal associated with said bead, wherein the
presence of signal is indicative of binding of said test base
and/or probe.

10. The method as claimed in claim 9 wherein the level of
signal associated with said bead before and after said
cleavage step is determined and a decrease of signal after
cleavage is indicative of said test base and/or probe.

11. The method as claimed in claim 1 wherein the radius
of said bead is larger than the length of the polynucleotide.

12. The method as claimed in claim 1 wherein said probes
comprise a recognition site for a restriction enzyme, or said
beads and said test complementary probe and/or base are
attached through a linkage and said linkage comprises a
recognition site for a restriction enzyme.

13. The method as claimed in claim 1 wherein the bead is
magnetic.

14. The method as claimed in claim 1 wherein the
complementary base or probe is terminating on the binding
of further complementary bases or probes.

15. The method as claimed in claim 1 wherein said bead
is attached to said complementary base and/or said probe
before or after binding of the complementary base and/or
probe to the polynucleotide.

16. The method as claimed in claim 1 wherein said bead
is removed and/or detected by its magnetism.

17. The method as claimed in claim 1 wherein said solid
support is a chip.

18. The method of claim 12, wherein said probes com-
prise a recognition site for a restriction enzyme, or said
beads and said test complementary probe and/or base are
attached through a linkage and said linkage comprises a
recognition site for a restriction enzyme, and said recogni-
tion site is different for the different test complementary
probes and/or bases used in steps (i) and (iii) and wherein in
step (iv) multiple restriction enzymes, each of which rec-
ognizes one of said different recognition sites and is capable
of removing a bead from a different test complementary
probe and/or base, are used sequentially.

19. The method as claimed in claim 7 wherein said
restriction enzyme is a type IIb restriction enzyme.
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